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Abstract
The rapidly increasing energy demand in each and every domain of human life highlights the ne-
cessity of clean and renewable energy sources. Among them, thermoelectric (TE) energy conversion
technique stands out due to the global availability of heat energy in the form of waste heat and find
wide span of applications ranging from wrist watch to space applications. TE materials can play a
major role in both power generation and waste heat recovery and can convert the heat energy to
electricity. The search for better TE materials is still demanding due to the lesser efficiency of the
same. The present thesis focuses on the search of novel TE materials fetching applications for a wide
temperature range within the frame work of Density Functional Theory (DFT). DFT is a prominent
tool for predicting the electronic structure and the diverse physical properties of materials and plays
a leading role in computational condensed matter theory. Here in this thesis, we have investigated
the TE properties of few interesting family of compounds and also tried to improve the TE properties
by the application of hydrostatic/uni-axial strain and further attempted to explore the advantages
of few exotic materials such as Dirac/topological insulator for TE applications. In the first chapter,
we present a detailed investigation of electronic structure and TE properties of Zn based pnictide
semiconductors in the form of ZnXPn2 (X: Si, Ge, Sn; Pn: P, As, Sb). The entire compounds in this
chapter belong to the well known chalcopyrite family and crystallize in tetragonal structure with
space group I 4¯2d. The appropriate selection of exchange correlation functional is important and
here the precise electronic structure of all the studied compounds are computed using Tran-Blaha
modified Becke-Johnson (TB-mBJ) functional. The presence of a mixture of light and heavy bands
in the band structure in general strengthen the TE properties, and the studied compounds shows
this property. Computed TE properties unveils the p-type conduction to be favorable in ZnXP2 (X:
Si, Ge, Sn) and n-type conduction in ZnGeP2 and ZnSiAs2. Mechanical stability of the material is
one of the criteria for device applications, and here we have confirmed the mechanical stability using
the computed elastic constants. The TE properties such as thermopower, electrical conductivity
scaled by relaxation time (will be addressing as electrical conductivity) and power factor for all the
compounds are investigated by combining DFT with semi-classical Boltzmann transport theory. The
thermopower of the investigated compounds are found to be higher compared with the prototype
chalcopyrite TE materials, together with comparable values for electrical conductivity. In addition,
the investigated compounds possess high thermopower compared to other established TE materials,
which motivates further research in these compounds. Overall the considered compounds are found
to possess appreciable TE coefficients, and we have analyzed the effect of hydrostatic strain on two
of the investigated compounds ZnGeSb2 and ZnSnSb2. Among these, ZnGeSb2 turned to be very
promising TE material with huge power factor of the order of 3×1017 W m−1 K−2 s−1 due to the
huge electrical conductivity around 8.5×1025 Ω−1 m−1 s−1, observed in its massive Dirac state. The
calculated electrical conductivity is higher than the well established Dirac materials, and is almost
carrier concentration independent with similar behaviour for both ‘n’ and ‘p’ type carriers. Detailed
analysis of the projected band structure reveals the ‘s’, ‘p’ band inversion around Γ high symmetry
point in the tensile strained state of ZnGeSb2 and ZnSnSb2. The possibility of low value for thermal
conductivity is also evident from the phonon dispersion plot of ZnGeSb2 and from Debye temper-
ature. Application of systematic hydrostatic strain on ZnGeSb2 and ZnSnSb2 reveals the gradual
phase change of ZnGeSb2 from a normal semiconducting state, through massive Dirac states, to
a topological semi-metal, whereas ZnSnSb2 is transfered from normal semiconductor to metal to-
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gether with a band inversion. The maximum power factor is observed in the massive Dirac states of
ZnGeSb2 compared to all other compounds. In the next chapter, we have investigated the electronic
structure, mechanical and TE properties of few natural bulk super lattice materials, and report the
high thermopower values together with the probability of low thermal conductivity in the studied
series. The study includes BaXFCh (X: Cu, Ag, Ch: S, Se, Te), LaXSO (X: Cu, Ag) and SrCuTeF
, and crystallize in tetragonal structure with space group P4/nmm. The possibility of low thermal
conductivity is predicted from the obtained elastic constants and few well established models such
as Cahill’s model and Slack’s model. The huge difference in the band dispersion along the different
crystallographic directions of the investigated compounds reveal the quasi two dimensional behavior
of band structure in the valence band, and this is confirmed through effective mass calculations.
The significant difference in effective mass along different crystallographic directions in valence band
introduces an anisotropy in the transport properties. The properties along ‘a’ axis is found to be
more favourable for hole doping. The magnitude of thermopower of these compounds are highly
comparable with other established TE materials. In addition to these, the parameter A (S2σ/τT/
κe/τ), which helps to decouple the relaxation time from our calculations is also calculated, and it
reveals the potential TE properties of the considered compounds. Next chapter deals with a detailed
electronic structure calculation, which reveals the strong topological insulating nature of a series of
compounds CaSrX (X: Si, Ge, Sn, Pb), together with striking TE properties. The electronic struc-
ture of all the compounds are studied as a function of uni-axial strain and an emergence of Dirac
semi-metallic state has been observed in CaSrX (X: Si, Ge, Sn, Pb), which is induced by uni-axial
strain along ‘b’ axis. CaSrSi and CaSrGe evolved as normal semiconductor with uni-axial strain, and
remaining compounds are found to preserve metallic states within the studied strain range. Since
the investigated compounds preserve time reversal symmetry and inversion symmetry, the trivial
and non-trivial topological phases are evaluated by band inversion and Z2 topological invariants. An
unusual thermopower oscillations has been observed at these Dirac semi-metallic states. Further the
TE properties at strong topological insulating state and normal insulating state are summarized,
which reveals the potential TE properties of these materials. In the last chapter of the results, we
deal with the electronic and TE properties of few transition metal dichalcogenides, which are less
investigated. We have chosen pyrite structure OsX2 (X: S, Se, Te) and triclinic structure ReX2 (X:
S, Se). First we report the electronic structure and TE properties of OsX2 (X: S, Se, Te), and find
a giant value of thermopower of magnitude ranging from 600 µV K−1 to 800 µV K−1 for a wide
temperature range of 100 K - 500 K for hole doping (at 1018cm−3), which is higher than the value
found for well established TE materials. The optimized structural parameters are in good agree-
ment with available experimental reports. The mechanical stability of OsX2 is confirmed from the
computed elastic constants. The band gap of the investigated compounds is examined by several
exchange correlation functionals, and TB-mBJ with modified parameters is found to be the best
for OsX2. The heavy valence bands stimulates the thermopower value for hole doping and light
conduction bands enhances the electrical conductivity values for electron doping, enabling both ‘n’
and ‘p’ type doping to be favourable for TE applications at higher concentrations (1020cm−3), which
brings out the device application. Study on OsX2 unveils the possibility of TE applications for all
the examined compounds for a wide temperature range (100 K to 500 K), and OsS2 specifically
is a good alternate with the operating temperature ranging from 100 K - 900 K. Further, we have
studied a highly versatile system ReS2, which transforms from a semiconductor to a two dimensional
viii
metal under uni-axial compressive strain along ‘a’ direction in both bulk and monolayer. The 2D
nature is realised from highly flat Fermi surfaces and anisotropic transport properties. Moreover
the layer independent electronic structure properties are revisited and TE properties of ReS2 in
bulk, monolayer and bilayer forms reveals the competing TE coefficients in each form. The in-plane
power-factor shows an enhancement over ‘c’-axis value as a function of strain, which is almost two
orders of magnitude. In addition, strain induced tunable in-plane anisotropy of almost one order has
been observed in both bulk and monolayer ReS2 (around 20%), which further open up the possibility
of TE application as nanowires. Our analysis reveals a wide range of application for ReS2 in the
field of thermoelectrics as bulk and thin films for a wide temperature range. The magnitude of TE
coefficients are comparable with other well established transition metal dichalocogenides.
Overall, the present thesis addresses the potential TE properties in few compounds for a wide
temperature range, and in each family of compounds we have attempted to enhance the power factor
by the application of hydrostatic/uni-axial strain. In the case of ZnGeSb2, we could enhance the
power factor value to 3×1017 Wm−1 K−2 s−1, which is huge compared to normal power factor range.
We believe that, the experimental realization of this potential TE material would be very fascinating
and the understanding about thermal conductivity would further help in predicting the ZT . From
our calculations, we could show that the super lattice structures possess low thermal conductivity,
and if one can realize the potential TE application from experimental studies, it would be a great
opening. Further, in the case of Ca based compounds, we could predict the coexistence of strong
topological insulating nature and potential TE properties, and the exact benefit of strong topological
nature with conducting surface states towards TE applications can be understood from the total
electrical conductivity (from bulk and surface states), which is beyond the scope of present thesis,
and we believe that this could be taken as future study. In the case of ReS2, the layer independent
TE properties can lead to several applications in thin film TE, and further strain induced in-plane
anisotropy also can be taken as future study, where one can understand the TE properties in nano
wire ReS2. Altogether, the present thesis opens up new possibilities from the electronic structure
point of view, but in reality for a TE device, the understanding of thermal conductivity, and figure
of merit are very crucial. If one can utilize the predicted results, and calculate all the other vital
parameters, we believe few of the compounds might turn out to be good TE materials.
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Chapter 1
Introduction
The appropriate utilization of green and renewable energy sources can control the drastic changes
induced by the global warming and balance the living conditions on earth. The need of renewable
energy sources in the context of energy crisis and environmental pollution has been adequately
studied and discussed in several articles[1, 2], and biomass, hydropower, wind energy, solar energy,
thermoelectric energy etc, are few of the well accepted renewable energy sources. To balance the
environmental issues such as climate changes, ozone layer depletion, air pollution, and the global
energy consumption rate, the efficiency and large scale usage of green energy techniques have to
be improved. A close analysis of the estimated usage of the above mentioned renewable energies
disclose the fact that the power production by non-renewable energy is still higher than the same
with the renewable energies. The availability of resources on time is one of the main challenge in
using renewable energy source, which is very crucial in the case of wind and tidal energy sources,
which eventually restrict the proper utilization of these green energy sources. Additionally, localized
application also remains a challenge in utilizing these sources. The waste heat is considered to be
the major global issue, which drastically affects the global climate system. Report says that more
than 50% of energy is wasted as heat[3, 4, 5], ranging from house hold waste to industrial waste.
Waste heat recovery is one of the major challenges and the process of waste heat recovery include
extracting and transferring heat through the medium of gas, liquid or solid and convert to electrical or
mechanical power. Several techniques such as Rankine cycle, Organic Rankine cycle, air preheaters,
etc, have been proposed for this waste heat recovery and power generation[3, 4, 5]. Among these
methods, solid state thermoelectric energy conversion technology gained additional attraction due
to the absence of moving parts, lack of chemical reactions, sustainable life etc. Thermoelectric
materials can convert heat in to electricity, which can play a major role in reducing the energy crisis
by utilizing the heat. TE device is a solid state device, and it depends on material properties. Similar
to any other device applications, materials for TE device also should satisfy certain qualities such
as earth abundance, stability up to higher operating temperature, optimum mechanical properties,
etc. The limitation of TE device is the efficiency, which is low around 15%, and the challenge in
this field is to improve the efficiency by using several techniques, and the research on this energy
conversion method is demanding. Since TE materials play the major role in this energy conversion
technology, the exploration of potential materials with good TE properties can contribute to this
field. The present thesis focuses on the TE properties of few novel materials, and we have analyzed
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the possibilities of tuning the TE parameters of the same. Upcoming sections describe the history
and development of TE materials, current status, etc.
1.1 Brief history
The footing of TE energy conversion technology is the TE effect, which explains the energy trans-
formation between heat and electricity, and there are three basic effects which are Seebeck effect,
Peltier effect and Thomson effect reported by three scientists, Seebeck, Peltier and Thomson. In
this section, we would like to discuss the history and development of this field. The report says
that the birth of TE phenomena had happened more than 15 decades ago, when a German physi-
cist Thomas Johann Seebeck noticed the deflection of a compass magnet due to the circuit made
from two different metals with their junctions kept at two different temperatures. In 1821, Seebeck
reported this phenomena as Seebeck effect. Initially he thought that the deflection happened due
to earth’s magnetic field and very soon he had explained the reason as TE effect. The Seebeck
effect is described as the emergence of a potential difference in a circuit, in which the junction of
two dissimilar metals are kept at different temperatures, and this is a direct conversion of heat
energy into electricity[6]. The amount of induced potential difference ∇V is directly proportional
to the temperature difference between the junctions ∇T , and Seebeck coefficient is defined as the
voltage generated by unit temperature difference α (or S) = ∇V /∇T . Later in 1934, Jean Charles
Athanase Peltier discovered the reverse process, where a reduction/increment in temperature had
been observed due to the passage of current through a circuit with dissimilar metals. The change in
temperature is proportional to the amount of electric current passing through it, and the coefficient
is known as Peltier coefficient. Later in 1954, William Thomson came up with another thermoelec-
tric effect, in which he described the ejection or absorption of heat when an electric current passes
through a circuit made up of one single material with temperature difference along the length[7].
In addition to that, he had derived the relation between Seebeck and Peltier effect. The above
mentioned three effects are considered to be fundamental TE effects. Seebeck effect is the basis
of thermoelectric power generation and Peltier effect is the basis of thermoelectric refrigeration.
After the invention of these three thermoelectric effects, Edmund Altenkirch put forward a model,
and had derived the maximum energy conversion efficiency, for both power generation and cooling
system[8]. His model could explain a dimensionless quantity named as figure of merit (ZT ), which
would decide the capability of a thermoelectric system, and identified that, the material parameters
such as Seebeck coefficient, electrical conductivity and thermal conductivity will play a crucial role
in deciding the figure of merit. High ZT needs high Seebeck coefficient, large electrical conductivity
and low thermal conductivity. Later in 1949, Abram Fedorovich loffe invented the modern the-
ory of thermoelectricity, in which he suggested the advantages of semiconductors for thermoelectric
applications[9]. The first realization of thermoelectric cooling using Bi2Te3 system was by H. Julian
Goldsmid[10], and he is the author of a book named as “Introduction to thermoelectricity”, which
explains the details of thermoelectricity. Over these years, several research groups have been ac-
tively working to get high efficient TE devices, for which high ZT materials are important, and the
literatures clearly show the growth of research on thermoelectricity, focusing on mainly two ways,
one is on achieving high ZT materials and the other is mainly on designing potential TE devices.
The current thesis is mainly focusing on the first part which involve the high ZT TE materials,
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Figure 1.1: Schematic of a TE device (Figure has been taken from Ref[14])
where ZT = S2σ/k, in which S is the Seebeck coefficient, σ is the electrical conductivity and k
is the thermal conductivity (both electronic and lattice thermal conductivity terms are included
in that), and T is the absolute temperature. Regarding the optimum ZT , several concepts have
been discussed about enhancement of the power factor and suppressing the thermal conductivity.
Eucken came up with an idea to reduce the thermal conductivity, where the point defects in alloys
can cause the thermal conductivity reduction[11]. In 1990, Hicks and Dresselhaus addressed a new
concept, which can be considered as the birth of new generation thermoelectric materials, and they
explained the advantages of moving to low dimensional materials[12]. The traditional thermoelectric
materials are Bi2Te3, PbTe, SiGe, etc, and ZT is reported to be below unity for these materials[13],
and maximum efficiency estimated from this ZT is around 4% to 5%. Later on, the efficiency was
enhanced by the size reduction and several nanostructured materials were explored and obtained
ZT was approximately 1.7, and efficiency reached to 11% to 15%. Figure 1.1 represents a modern
TE device, which is highly flexible consisting of metal films (Figure has been taken from Ref[14].
Now, several new methods are implemented to enhance the ZT value such as band engineering,
connecting with other exotic properties like topological insulator etc. The upcoming section deals
with the constituent parameters involved in ZT .
1.2 Constituent parameters involved in figure of merit
Obtaining a higher ZT value is considered to be a great challenge in this research field, which has
been blocking the evolution of thermoelectric devices to a large scale production. The constituent
parameters which decide the value of ZT are highly interrelated and the enhancement of one pa-
rameter may have a detrimental effect on other parameters. As we know, the figure of merit is
defined as ZT = S2σ/k, and for higher ZT value, we need higher value of thermopower, higher
value of electrical conductivity and lower value of thermal conductivity. Each quantity discussed
above depends on several material parameters, and the present section deals with the detailing of
each quantity and aims at the improvement of each parameters. To begin with, we will discuss the
Seebeck coefficient, which is also known as thermopower, then electrical conductivity followed by
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thermal conductivity.
1.2.1 Seebeck coefficient (Thermopower)
As we discussed in the above section, Seebeck coefficient is the amount of voltage gained for an unit
temperature gradient and the symbol is S with unit V/K. ZT is directly proportional to the square
of thermopower, and it can be a deciding parameter for the performance of thermoelectric materials.
Thermopower is a material dependent quantity, and the connection between thermopower and other
parameters is defined using Mott formula, and it is given as
S =
8π2k2B
3eh2
m∗T (
π
3m
)2/3 (1.1)
Here ‘e’ stands for the electron charge, ‘kB ’ represents the Boltzmann constant, ‘h’ is the Planck
constant, ‘n’ is the carrier concentration , ‘m’ represents the effective mass and the absolute temper-
ature is represented by ‘T’ . The thermopower is found to be directly proportional to effective mass
and inversely proportional to carrier concentration. In addition, thermopower is directly propor-
tional to temperature. Achieving higher value of thermopower implies the need for higher effective
mass at low concentration range. In general, the presence of highly flat band and higher density of
states near the Fermi level will help to enhance the thermopower.
1.2.2 Electrical conductivity
Unlike the thermopower, electrical conductivity is directly proportional to the carrier concentration
and inversely proportional to effective mass, and this is evident from the Drude formula
σ =
ne2τ
m∗
(1.2)
where ‘n’ is the carrier concentration, ‘τ ’ is the relaxation time, and ‘m∗’ is the effective mass. To
achieve higher electrical conductivity, the band mass should be less, which is conflicting with the
thermopower requirements. To examine the net thermoelectric properties from electronic structure,
the quantity power factor is defined, which is the product of square of the thermopower and electrical
conductivity. Increment of any of these quantities will be benefiting the power factor.
1.2.3 Thermal conductivity
Heat conduction is in general possible by electrons and phonons, and the net thermal conductivity
can be defined as the sum of thermal conductivity due to electrons and thermal conductivity due
to phonons. Electronic part of the thermal conductivity is related to the electrical conductivity by
Wiedemann-Franz law, and ke = LσT, where ‘ke’ is the electronic part of the thermal conductivity,
‘L’ is the Lorenz number, and ‘σ’ is the electrical conductivity, and enhancement of ‘σ’ will also
enhance the ‘ke’. The studies proved that, at low temperature the total thermal conductivity is
highly derived from the lattice part, and reducing the lattice thermal conductivity became a fruitful
method to enhance the thermoelectric performance. The lattice thermal conductivity kL can be
defined as
kL =
1
3
vlCv, (1.3)
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where ‘v’, ‘l’ and ‘Cv’ represent the phonon velocity, mean free path and heat capacity respectively.
This relation demands the need of low phonon veleocity and low mean free path for achieving
lower value of lattice thermal conductivity. The low value of the mean free path implies the higher
scattering rate, where mean free path can be considered as the distance between two successive
phonon collisions. Another explicit equation for lattice thermal conductivity is
kL =
constantMδγ2θ3
n2/3T
(1.4)
where ‘M ’, ‘δ3’, ‘γ’ and ‘θ’ indicate the average atomic mass, volume per atom, Gruneisen parameter
and Debye temperature respectively. Further, ’n’ indicates the number of atoms in the crystalline
limit. From this relation, it is evident that, more the number of atoms in the unit cell lead to low
lattice thermal conductivity. In addition, the Debye temperature and Gruneisen parameter are yet
another quantities which are directly related to the lattice thermal conductivity. Next section deals
with different ways, which helps to tune the constituent parameters of figure of merit.
1.2.4 Methods of tuning the parameters
The previous section discussed the conflicting interrelated parameters which are involved in the
performance of a TE material, and the research pertaining to the search of compatible materials,
which can provide high value of figure of merit ZT and hence the higher efficiency is still active.
Thermoelectric device is a solid state device and the material which acts as the part of the device is
preferred to be in a solid form. The well defined solid materials are metals, semiconductors, insulators
and semi-metals. The concept of thermoelectricity, which is already discussed in the earlier section,
was demonstrated first in metals, and then modern theories added the possibility of usage of the
several other materials for TE applications, and in the current state, the researchers are working
to connect thermoelectricity with very exotic material’s properties such as topological insulators,
Weyl/Dirac semi-metals etc. The strategy of this research field is to enhance the ZT and hence
the efficiency. In general, any property of a material is the response to the external stimuli, and
metal, semiconductor, insulators and semi-metals possess different ranges of thermopower, electrical
conductivity and thermal conductivity values. In case of metals, the thermopower magnitude (5 - 10
µV/K) is very less compared to other materials, electrical conductivity in general is found to be very
high in metals (around 106 Ω−1 cm−1 ) and thermal conductivity can be found to be high around 50
W/m K. For semiconductors, the thermopower value will be higher than metals and can be around
200 µV/K, electrical conductivity, in general can be observed in the range of 103 Ω−1 cm−1 and the
thermal conductivity shows 1-10 W/m K. Coming to insulators, the thermopower value will be very
large (around 1000 µV/K), electrical conductivity will be very less around 10−12 Ω−1 cm−1, and
thermal conductivity is around 10 W/m K [15]. Compared to metals and insulators, semiconductors
show better possibilities of TE applications with moderate thermopower and electrical conductivity
values. The schematic of TE parameters as a function of carrier concentration is represented in Figure
1.2 (Figure is taken from Ref[16, 17]). In this section, we would like to discuss various methods which
aim to enhance the ZT . To enhance the ZT , either one can concentrate on power factor or reduce
the lattice thermal conductivity. The power factor is the product of thermopower and electrical
conductivity and mostly depends on the electronic structure properties of the material, whereas
the thermal conductivity will depend on both electronic and lattice parts. First, let us discuss
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Figure 1.2: Schematic of the TE parameters as a function of carrier concentration
about the power factor. The conflicting dependencies of thermopower and electrical conductivity
on effective mass demand the presence of light and heavy band mass near the Fermi level, since
the bands near the Fermi level will be actively participating in transport properties. Effective mass
can be understood in terms of the curvature of bands and flat band leads to higher effective mass
and dispersive bands indicate low effective mass. When we look into the electronic structure, the
materials which show the mixture of flat bands and light bands will be preferable. In general,
chalcopyrite materials possess this kind of band structure[18], but one cannot expect similar band
structure for every materials. Band engineering is considered to be one of the effective tools to
enhance the power factor. The conflicting dependencies of thermopower and electrical conductivity
constrained the enhancement of power factor, and this challenging task was addressed by several
works in the literature[19, 20]. Huge increment in ZT is reported by enhancing the density of
states through doping of thallium in PbTe [21], and in 2011, a higher value of ZT is achieved
in doped PbTe structure by means of multiple valley degeneracy[22]. These results indicate the
efficiency of this approach for getting better thermoelectric performance. In addition to doping,
application of pressure and strain also alter the band profile and several studies have reported
the enhancement of power factor as a function of pressure and strain[23, 24]. Sergeay et. al.,
demonstrated the enhancement of power factor by the application of pressure in (Bi, Sb)2(Te, Se)3
system [23]. The modern research on thermoelectric materials explains the benefits of materials
with low dimensional structures and nanostructuring emerged as a prominent tool for enhancing
the power factor. In general, there are two type of nanostructures which are considered to be good
thermoelectric materials, first kind is a single phase with the assembly of nano sized particles and the
second is a system comprising of a major bulk phase with another minor nano particles in it. Vassilios
et. al., investigated the power factor increment of nanostructure using the nonequilibrium Greens
function method[25], and they have reported 20% power factor improvement. Sabarinathan et. al.,
studied the enhancement of power factor by the energy filtering effect in Bi based nanostructures[26].
Pichanusakorn et. al., investigated the variation of Seebeck coefficient and hence power factor
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with dimesion and length scale reduction and have shown the enhancement of power factor in
nanostructures over bulk materials[27]. Further, several people have reported the role of quasi
two dimensional bulk system in enhancing the Seebeck coefficient and hence power factor[28, 29].
Enhancement of electrical conductivity also leads to improvement in the power factor. The recent
trend in thermoelectric research explored the benefits of topologically non trivial materials such as
topological insulator, semimetals and Dirac/Weyl semi metals, where the non parabolic band profile
of these compounds benefits the electrical conductivity. Te-Huan Liu et. al., recently investigated
the improved thermoelectric performance in Dirac materials[30]. Overall from the literatures, it is
evident that band engineering, doping, pressure/strain, nanostructuring etc, are fruitful methods to
enhance the power factor. Reduction of lattice thermal conductivity is yet another way to enhance
the figure of merit, where lattice thermal conductivity is lying in the denominator of the figure
merit expression. This idea is well explored and huge number of literatures, books, review articles
explained this concept in detail. Here, we would like to point out few methods which are helpful
in reducing lattice thermal conductivity. Alloying solid materials in general show the reduction
of lattice thermal conductivity without decreasing the electrical conductivity, and Bi2Te3 family of
compounds are well explored for the same[31, 19]. Since the reduction of lattice thermal conductivity
is very crucial in thermoelectric materials, there are mainly three strategies existing for the same.
Firstly by the means of phonon scattering, and this is achieved by using several method such as
mass fluctuation scattering, grain boundary scattering etc. Second strategy is the reduction of
thermal conductivity using complex crystal structures, where the concept of electron crystal and
phonon glass has been proposed. The third strategy is the mixing of multi scale composites, which
means alloying of solid solution. These three methods are studied for several family of compounds,
where half Heusler materials are well investigated for mass fluctuation scattering methods[32, 33].
Clathrates, Skutterudites and Zintl phase are well established complex structures. The next section
deals with the journey of thermoelectric materials.
1.3 The journey of thermoelectric materials
Countable number of materials only serve in a real thermoelectric industry and are realized as a
part of thermoelectric devices, which are the materials invented in the early stage of research (in
1954) by Goldsmid and Douglas[10]. Bi-based tetradymite type materials are a class of materials
which got several attraction in the field of thermoelectrics. From the early stage to the current
research, one can clearly see the presence of this family in research field, and many techniques
have been used to improve the thermoelectric properties of the same. The general formula for this
compounds is (Bi1−xSbx)2 (Te1−xSex)2. The relevant electronic band structure and phonon dis-
persion made these series attractive for thermoelectric applications. All elements in this class of
materials are heavy elements, enabling high spin orbit coupling interaction and hence low energy
gap. Further most of these compounds provide low effective mass, which is fruitful for electrical
conductivity. Coming to the phonon part, the presence of heavy elements in the compounds lead
to low thermal conductivity and the higher size of the unit cell will help to reduce the thermal con-
ductivity. The layered nature of these compounds further add benefits to it, where the anisotropic
nature in conductivity and nearly two dimensional nature helps to enhance the figure of merit.
Mishra et.al., examined the electronic and thermoelectric properties of bismuth telluride and bis-
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muth selenide[34], and several studies are reported aiming at the improvement of thermoelectric
properties of these compounds by the application of pressure and strain[35, 36]. In the recent past,
yet another exotic property was also associated with this family, when people realized that Bi2Te3
is a topological insulator[37, 38, 39]. This family of compounds attained attention in thin film form
also. In 2001, a remarkable ZT around 2.4 at 300 K was reported by Venkatasubramanian for
the super lattice thin film system of Bi2Te3/Sb2Te3[40]. Yet another fundamental thermoelectric
material is PbTe, and similar to Bi-family, PbTe is also examined in various ways to extract the
maximum efficiency and stay in forefront of thermoelectric device for last six decades. The studies
on PbTe began in 1950’s and the current research community also try to explore more from this
compound[41, 42, 43]. The applications of PbTe is mainly on moderate temperature range from
600 K to 800 K[44, 45, 46], and the melting temperature is around 920oC. Nanostructuring method
in PbTe is found to be very promising for thermoelectric applications, and several literatures are
discussing the same[45, 46, 47, 48, 49, 50]. Earth abundance of the material is essential for any
application, and Mg2Si and its solid solutions gathered attention for thermoelectric applications due
to higher availability and low mass density. Doping with elements is found to be effective in this
compound, and an improved TE properties were observed in Mg2Si due to the effect of doping with
external element Sb on Si site[51, 52]. Solid Solution of iso-structural Mg2X (X: Si, Ge, Sn) such
as Mg2Si-Mg2Sn systems show good improvement in thermoelectric properties, and several mixing
obtained the ZT value above unity for a wide temperature range from 700 K to 800 K [53, 54, 55, 56].
Higher manganese silicide (HMS) compounds are yet another environmental friendly earth abundant
materials, which show anisotropic electronic and thermoelectric properties[57, 58, 59]. Aoyama et.
al., studied (Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 and reported the ratio of ZT along ‘a’ and ‘c’
axes to be near 0.9 [60]. Several similar studies can be found in literatures[54], with huge anisotropic
transport properties[61]. Technical application of HMS is tested in the very early stage itself and
the thermogenrator of this HMS was patented in 1968 [62]. Kaibe et. al., demonstrated a thermo-
electric power generator using HMS and reported 6.5% efficiency[63], and enhanced the efficiency
up to 15% by combining with bismuth telluride[64]. Overall HMS based thermoelectric studies are
found to be very promising. Thermoelectricity using clathrate family of compounds are explored
by several people, and significant number of compounds in this family which is derived from 14th
group elements are potential materials for thermoelectric applications, which obey the well known
phonon glass electron crystal concept. The compound Ba24Ga15Ge85 was explored for thermoelec-
tric applications and ZT was reported around 1.25 at 670oC[65], and the attraction of this family
is the structure properties, which benefits thermoelectric applications[66, 67]. Half Heusler alloys
contains large number of compounds with potential high temperature thermoelectric applications,
and these compounds crystallize in cubic MgAgAs structure type. Significant number of half Heusler
compounds including (Ti, Hf, Zr) NiSn and (Ti, Hf, Zr) CoSb are well known for potential thermo-
electric applications. These compounds gathered attention towards thermoelectric applications due
to several properties such as earth abundance, lightweight, low cost and the remarkable combination
of high Seebeck coefficient and low electrical resistivity[68, 69, 70, 71] and the challenge in this com-
pounds is the thermal conductivity value. To optimize the ZT value, in general doping studies were
performed for power factor enhancement and alloying is performed for reduction of lattice thermal
conductivity[72, 56, 69]. Other than normal bulk doping, nano-structuring and nano-inclusion are
investigated in half Heusler alloys and an enhancement in thermoelectric properties is observed. In
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addition to this, half Heusler compounds are well known for topological insulating nature. Cu based
chalcogenides fascinated the researchers with potential thermoelectric applications. The signature
of thermoelectric properties in Cu based chalcogenide was identified when Becquerel in 1827 noticed
the generation of electricity in Copper wire circuit[73]. In 1866, Cu2S thermoelectric battery was
made[74]. Cu2Se based radioisotope thermal generators were developed in 1960’s - 1970’s[75]. Fur-
ther Ag doped Cu2Se compound Cu1.97Ag0.03Se1+y (y <0.01) achieved a ZT value of 1.2 at 1000
K[76]. However the research on Cu2Se had to stop in 1979 due to selenium evaporation issue and
Cu -ion migrations[77]. Then three decades later, the interest on this compound regained due to the
emergence of new concept called phonon-liquid-electron crystal[78]. Several work has reported the
ZT value 1.3 to 2.1 in Cu2−δSe[79, 80, 81, 82]. The main attraction in this compound is the low
thermal conductivity due to its complex structural properties.
Layered ZrCuSiAs type 1111 compounds were highly investigated for superconducting properties
and in the later stage, Pinsard-Gaudart et. al., examined the thermoelectric properties of LaFeAsO
and found large Seebeck coefficient at around 100 K. After this realization, several groups have ex-
tensively worked on this family of compounds for thermoelectric applications. Among that BiCuSeO
secured the highest ZT in oxygen based thermoelectric materials[83]. The exceptional features of
this layered structure is the stacking of conductive Cu-Se layer on insulating Bi-O layer along ‘c’
axis, which restrict the charge flow along ‘c’ axis leading to a super lattice type structure by itself.
This naturally originated super lattice type crystal structure opened a wide range of possibilities
in thermoelectric field. In general, super lattice structuring is one of the prominent method to
reduce the lattice thermal conductivity, where additional phonon scattering will be happening in
the interface and lead to lesser thermal conductivity. The process of creating a heterostructure is
very challenging where the lattice of two layers should match properly, here comes the importance
of the natural super lattice structures. In its original form, the Seebeck effect is in general found
to be high for these compounds and electrical conductivity is moderate, which lead to a moderate
value of power factor. To enhance the thermoelectric performance for these compounds, doping
study is found to be effective and it has been reported that due to doping with Mg, C, Sr ele-
ments in BiCuSeO, the ZT value is increased from 0.5 to 1.1[84]. The contribution of zintl phase
compounds towards thermoelectric filed is worth discussing, and these compounds are the inter-
metallic compounds and are recognized by covalently bonded anionic substructures coordinated by
highly electropositive cations[85, 86]. The structure of these compound are highly complex due the
significant combination of covalent and ionic bonding, enabling a very good platform for thermo-
electric applications. The reported ZT value for few zintl phase compounds YbZn2Sb2, Zn4Sb3
are found to be unity[87, 88]. The compound Yb14MnSb11 gathered special attention and evolved
as a thermoelectric module from the study performed in Jet Propulsion Laboratory[89], and the
attraction towards Zintl phase compounds increased further [90, 91]. A glass like lattice thermal
conductivity is reported for these compounds[92], and became main attraction for thermoelectric
applications. Wide variety of materials with diverse structural properties have been adequately in-
vestigated for thermoelectric applications through experimental and theoretical studies and few are
explained above. Several books, review articles described the development of TE materials. It is
quite evident that for a large scale production of TE device, these efforts has to continue and in this
scenario the search of potential materials is worth investigating.
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1.4 Applications of thermoelectric materials
Power generation and refrigeration are the main applications of thermoelectric materials. The solid
state environmental friendly thermoelectric devices can be useful in industries, transportation facili-
ties, space applications, military equipments, waste heat recovery, biomass gasifiers etc[93, 94]. Due
to the increase of population and life style of our generation, large number of automobiles are in use
and lot of energy is getting wasted as heat form these vehicles. Thermoelectric modules can be used
to extract these waste heat and can convert the same to useful electricity. The main heat wastage
is happening in the exhaust pipe and the radiator of the vehicle. Thermoelectric power generators
can be kept at different spots in vehicles to extract electric power from heat wastage. It is under-
stood that the low temperature TE application is also possible from automotive exhaust pipes using
Bi2Te3 and its derivatives. The TEG device has been tested for power generation and cooling in
electric vehicles, and the generated power is able to manage the sound system in the vehicle[95]. It
is proved that a TEG device can extract heat from a table lamp[96]. Thermoelectric cooling devices
are in general known as Peltier coolers. These coolers are important for few applications where the
conventional cooling system is inadequate for the removal of heat. For the utilization of these wide
range of applications, we have to enhance the efficiency of TE device.
1.5 Disadvantages of thermoelectric materials
From the earlier section, it evident that TE materials have plenty of applications, but the large scale
usage of TE device is restricted due to the poor efficiency. The current thermoelectric materials
which are used for applications are having efficiency only around 15%, which is very less compared
to other energy sources. Large scale waste heat recovery demand higher value of ZT and high
efficiency, and the material which shows higher ZT at high temperature is very limited. Over these
years, researchers have improved the ZT and efficiency by using several techniques, and reported
the efficiency up to 20% [97]. These two limitations demands the need for the search of potential
novel thermoelectric materials.
1.6 Overview of the thesis
The importance of the search of novel thermoelectric materials is presented clearly in the previ-
ous sections. Computational study of thermoelectric materials are further helpful to predict the
optimum thermoelectric materials and hence can be proposed for practical applications, which can
be verified experimentally. The present thesis analyzes the thermoelectric properties of few series
which belong to well established material families such as chalcopyrites, zintl phase, transition metal
dichalcogenides etc, within the frame work of Density Functional Theory. Moreover the present study
focuses on the tuning of thermoelectric coefficients such as thermopower and electrical conductivity
by the application of hydrostatic and uni-axial strain and reported the possibilities of enhancement
of thermoelectric coefficients. The present thesis contains seven chapters including introduction,
methodology , results and discussions and conclusions. The current chapter discussed the history of
thermoelectric materials and basic thermoelectric effects. The upcoming chapters are organized as
follows. The second chapter deals with the methodology used for the present thesis, which explains
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the introduction of many body theory, and several methods which were established to solve the many
body equations and the role of Density Functional Theory. Further, we have explained the details
of our calculations. All the electronic structure calculations are based on full potential linearized
augmented plane wave method as implemented in Wien2k package, and geometry optimizations
were performed using pseudo potential methods as implemented in VASP and PWscf programme.
The thermoelectric properties are calculated by the combination of Density Functional Theory and
semi-classical Boltzmann transport theory. The results of the present thesis are organized as four
chapters (chapter 3 - chapter 6) and the thermoelectric properties of Zn based pnictides are pre-
sented in third chapter. Zn based pnictides in the form ZnXPn2 (X: Si, Ge, Sn, Pn: P, As, Sb) are
mostly earth abundant and are having high melting temperature. Our results reveal the potential
thermoelectric properties of these compounds and are proposed for high temperature applications.
Among them, ZnGeSb2 is observed as a very fruitful material for thermoelectric applications due to
its peculiar electronic structure. Chapter 4 deals with very interesting layered materials which are
known as natural super lattice materials. We have examined the possibility of low thermal conduc-
tivity in these compounds. The huge thermopower values is also an attraction in these compounds.
Chapter 5 presents few Ca based zintl phase compounds, which shows very good thermoelectric
properties together with strong topological insulting nature. Further chapter 6 deals with two types
of transition metal dichalcogenies and its thermoelectric properties. First series (OsX2 (X: S, Se, Te)
crystallizes in cubic structure, and the second series ReX2(X: S, Se) crystallizes in triclinic structure.
Giant thermopower is observed in p-type OsX2 (X: S, Se, Te), and layer independent TE properties
is observed in ReS2. In totality the present thesis deals with four diverse family of compounds and
its potential TE properties. In chapter 7, we have concluded all the vital points from each study.
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Chapter 2
Methodology
The present chapter briefly discusses the methodology of entire calculations performed to fulfill
the present study. The discussion starts with the physical interpretation of many body problem.
Subsequently, we discuss the emergence of Density Functional Theory (DFT), one of the prominent
methods for solving many particle system. In addition to that, the necessary explanation of exchange
correlation functionals has been included. A concise explanation for the calculations such as Z2
topological invariant and surface states, which are performed for the topological non-trivial states in
few of the investigated compounds is also presented. The thermoelectric properties of all the studied
system are computed by the combination of DFT and the semi-classical Boltzmann transport theory,
and the later part of this chapter discusses the basics of semi-classical transport theory.
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2.1 A brief introduction to the problem
The remarkable description of many electron system is comprised in Schro¨dinger equation (SE),
which was proposed in 1926 by Erwin Schro¨dinger in his paper entitled ”Quantization as an Eigen-
value Problem” which dealt with hydrogen atom, and evolved as the foundation of quantum me-
chanics. Solids can be considered as a many body system with interacting electrons and ions, and
by solving the Schro¨dinger equation, the physical observables of the system can be obtained. The
expected sets of interactions in a many body Hamiltonian are provided below.
Ĥ = T̂N + T̂e + V̂N−e + V̂N−N + V̂e−e (2.1)
where Ĥ represents the Hamiltonian operator of the system, T̂ and V̂ represent the kinetic and
potential energy operators respectively. The symbol ‘N ’ stands for nucleus and ‘e’ represents elec-
trons. The operators V̂N−N and V̂e−e are nucleus-nucleus (N − N) and electron-electron (e − e)
interactions respectively. The operator V̂N−e represents the nucleus and electron interaction.
The explicit form of each operator in the above Hamiltonian of a system which contains M
number of nuclei and N number of electrons can be written as
Ĥ = −1
2
M∑
I=1
▽2I
MI
−1
2
N∑
i=1
▽2i
mi
−
M∑
I=1
N∑
i=1
ZIe
2
|RI − ri|+
N∑
i,j=1
i 6=j
e2
|ri − rj|+
M∑
I,J=1
I 6=J
ZIZJe
2
|RI −RJ | (2.2)
where capital symbols in the summation ‘I’, ‘J’ represent the nuclei terms and small letters ‘i’ ‘j’
represent the electrons terms, ZI is the atomic number MI and mi are the atomic masses of the
nuclei and electrons respectively. RI and RJ indicate the positions of nuclei, and ri and rj represent
the positions of electrons. Reaching a complete solution for the above equation becomes hard, when
we evolve from hydrogen to a complex solid. Various approximations have been proposed to obtain
the solution of a many body problems, and the present chapter deals with the method, which solves
the many body system within the frame work of DFT.
2.1.1 Born-Oppenheimer approximation
Due to the huge number of interacting particles in a system (around ∼ 1023), the exact solution
to the above mentioned SE will be difficult. Born and Oppenheimer in 1927, came up with an
approximation which helps to decouple the electronic and nuclei part in a many body Hamiltonian.
The idea behind this approximation was the huge mass difference between electron and the ion, and
the motion of the ions will be very less compared to the motion of electrons [98]. In other words, it
can be seen in such a way that the electrons are moving in a frozen ion background at every instant.
According to this approximation, the nuclei kinetic energy in the Hamiltonian can be considered
to be zero and potential energy term (V̂N + V̂N−e ≈ V̂ext) can be considered as a constant. The
modified Hamiltonian is given below.
Ĥ = T̂e + V̂e−e + V̂ext (2.3)
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Even though the complexity of the many body problem has been reduced little bit, solving the above
Hamiltonian is still a tiring task. More approximations are needed to get a reasonable solution to
this problem, which are adequately discussed in the upcoming sections.
2.1.2 Hartree approximation
In 1928, Hartree proposed a method to solve the electronic part of the above mentioned Hamil-
tonian, where he has considered the electrons to be non-interacting particles and the total wave
function of the system can be obtained as the product of all individual electron wave function,
ψ(r1, r2, r3, .....rN ) = φ1(r1)×φ2(r2)×φ3(r3)× .....×φN (rN ). Further, using variational principles,
total energy term will be minimized and he tried to extract the exact ground state properties of the
system. From this approximation, Hartree potential term is derived, which is defined as the average
electrostatic potential created by all other electrons. The Hartree potential is defined as follows
VH =
N∑
i=1
Vri (2.4)
Yet another name of this approximation is individual particle approximation. Modified Hamil-
tonian can be written as,
Ĥ = T̂e + V̂ext + V̂H (2.5)
where V̂H represents the Hartree potential as discussed in the equation 2.4. In reality, the solid is
a many electron system, and this approximation failed to incorporate the anti-symmetric character
of electrons (Fermionic) and also did not consider the proper electron-electron interaction. These
failures demand further understanding and approximations which will include the fermionic character
of the electron wave function.
2.1.3 Hartree-Fock approximation
In 1930 Fock modified the wave function by including the concept proposed by Slater. To include
the anti-symmetric nature to the wave function, Fock represented the total wave function as Slater
determinant, which is given below.
ψ(r1, r2, r3, .....rN ) =
1√
N !
∣∣∣∣∣∣∣∣∣∣∣∣
φ1(r1) φ2(r1) φ3(r1) ... φN(r1)
φ1(r2) φ2(r2) φ3(r2) ... φN(r2)
. . . ... .
. . . ... .
φ1(rN) φ2(rN) φ3(rN) ... φN(rN)
∣∣∣∣∣∣∣∣∣∣∣∣
(2.6)
This expression helps to give an anti-symmetric nature for the wave function, where by interchanging
the positions of two particles a negative sign will be induced, eventually taking in to account the
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anti-symmetric nature. The wave function for two electron system can be written as
ψ(r1, r2) =
1√
2
[φ1(r1)φ2(r2)− φ1(r2)φ2(r1)] . (2.7)
The inclusion of anti-symmetric nature to the interacting particle causes an extra term in the total
energy calculations which is known as exchange energy. The modified Hamiltonian is
Ĥ = T̂e + V̂ext + V̂HF (2.8)
where the VHF represents the modified version of the HF approximation potential. V̂HF is given
by
VHF =
∫
vx(r, r
′)φi(r
′
i)dr
′ = −
N∑
j
∫
φj(r)φ
∗
j(r
′)
|ri − rj| φi(r
′
i)dr
′ (2.9)
The exchange energy term overcome the first drawback of Hartree equation, still the H-F equation is
in the mean-field approximation, where the electrons are considered to move in an average potential
generated by the other electrons. This approximation is fruitful for several system but strongly
correlated solids are difficult to be considered using this method.
2.2 Introduction to density functional theory
Attaining the proper solution of a many body system through the assumption of wave function
is highly complicated since the wave function depends on 3N variables, where N is the number of
electrons. To reduce the complexity, Hohenberg and Kohn [99] in 1964, came up with a theory
which is rooted on the electron’s density, and evolved as Density Functional Theory (DFT). The
method involves Hohenberg-Kohn theorem [99] and the Kohn-Sham [100] equations. While replacing
the wave function with electron density the dependent variables are reduced from 3N to 3, which
eventually narrow down the complexity of many body Hamiltonian. Many articles and books have
discussed the DFT methods in details [101, 102, 103, 104, 105, 106, 107, 108]. Here we have discussed
a brief journey of the same. Before going to the details, let us see the expression of the electron
density, which is given as below,
n(r) = N
∫
d3r2d
3r3....d
3rNψ(r, r2, ...rN )ψ
∗(r, r2, ...rN ) (2.10)
The upcoming section deals with the Thomas-Fermi theory, which is the footing of DFT.
2.2.1 Thomas-Fermi theory
The first attempt to solve the many body Hamiltonian based on electron density was proposed in two
independent work by Thomas and Fermi [109, 110]. The kinetic energy of the system was expressed
as a function of electron density n(r), which is given below,
T [n(r)] = CF
∫
n5/3(r)dr (2.11)
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where CF =
3
10 (3π
2)2/3=2.871, n(r) define the electron density and total number of electrons N van
be obtained by the integration ∫
n(r)dr = N (2.12)
The expression of kinetic energy in this model was developed for only a homogeneous system, and
total energy of the system can be written as follows
ETF [n(r)] = CF
∫
n5/3(r)dr − Z
∫
n(r)
r
dr +
1
2
∫ ∫
n(r)n(r′)
|r − r′| drdr
′ (2.13)
Thomas-Fermi has laid the first step to reduce the complexity of the many body Hamiltonian by
replacing the wave function with electron density, which is a crude way of an approximation for the
kinetic energy term alone. They have considered homogeneous electron gas and imposed classical
interaction terms for electrons, which was the drawback of the theory, however they have contributed
the great idea of replacing the wave function with electron density.
2.2.2 Hohenberg-Kohn theorems
Hohenberg and Kohn (HK) [99] elaborated the idea proposed by Thomas and Fermi, and constructed
two theorems, which are the basis of DFT. The two theorems are described as follows.
Theorem-I states that, the external potential vext(r) is a unique functional of electron density
n(r), and hence the total ground state energy is also a unique functional of electron density n(r).
Theorem-II states that, for any external potential vext(r), an universal functional for the energy
in terms of the density n(r) can be defined and also the global minimum of this functional gives the
exact ground state energy of the system. The density n(r) that minimizes this functional is known as
the exact ground state density n0(r). According to this, the Hamiltonian of the interacting particles
of the system is given by,
Ĥ = −1
2
∑
i
∇i2 −
∑
i
vext(ri) +
∑
i 6=j
1
|ri − rj|
where vext(ri) = −
∑
I
ZI
|ri −RI |
(2.14)
Here vext(ri) represents the external potential which includes the interaction between electrons and
nuclei. Overall, the two theorems proved the one-to-one relation between external potential vext(r)
and the ground state density n0(r). The exact ground state energy of system can be calculated by
minimizing the total energy functional. The proof of these theorem can be found in Ref[99, 111].
Next section deals about the Kohn-Sham method, a practical way of solving many body equation
using density functional theory.
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2.2.3 Kohn-Sham method
A systematic way of solving the many body problem within the frame work of DFT is developed by
Kohn and Sham[100], and known as Kohn Sham equation. The equation is,
EKS = T [n] + Vext[n] + VH [n] + Exc[n] (2.15)
While looking into the individual terms, T [n] represents the independent particle kinetic energy
which is given by,
T [n] = −1
2
N∑
i=1
〈ψi|δ|ψi〉. (2.16)
Vext[n] is the external potential energy which has the form,
vext[n] =
∫
vext(r)n(r)dr. (2.17)
VH is the Hartree potential due to the electron-electron Coulomb interaction which is given by,
vH =
∫
n(r′)
|r − r′|dr
′ (2.18)
Finally Exc represents the exchange-correlation energy which goes beyond the Hartree - Fock ap-
proximation. In general the Schro¨dinger form of the Kohn-Sham equation is given as follows:
HKSψi = EKSψi (2.19)
where HKS and veff are the Kohn-Sham Hamiltonian and effective potential which are defined by
HKS = [−1
2
∇2 + veff (r)]
veff = vext + vH + vxc.
(2.20)
An iterative approach has been used to solve the many body problem, and reach up to the
ground state energy and the density of the system. All physical quantities can be extracted from
this ground state energy values. The term vxc is still not defined properly, which takes in to further
approximations.
2.3 Exchange-correlation functionals
The many body problem still remains unsolved without knowing the exact form of exchange correla-
tion functional Exc, which is the key parameter in DFT. The challenging task here is to predict the
exact form of the exchange correlation functional, which is the combination of both exchange and
correlation parts. Several approximations have been developed to explain the form such as LDA,
GGA, TB-mBJ etc, and few are explained here. The exchange energy can be defined as the induced
energy change due to the exchange of the position of two particle, which is the consequence of the
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anti-symmetric nature of the wave function. The exchange energy of the two particles can be defined
as
Ex = −1
2
∑
ij
∫ ∫
ψ∗i (r)ψi(r
′)ψ∗j (r
′)ψj(r)
|r − r′| drdr
′ (2.21)
and the correlation energy is defined as the collective interaction on one electron due to all other
electrons in the system.
Since there is no exact expression for correlation energy, one can think of the difference between
exact non-relativistic energy and Hartree-Fock energy. The combination of the above discussed two
forms is known as exchange-correlation energy
Exc = Ex + Ec (2.22)
To tackle real many body systems, the forms of exchange correlation energy should be proper. Few
of them are discussed below.
2.3.1 The local-density approximation (LDA)
To attain a meaningful solution to the many body problem, Kohn and Sham in 1965 proposed
an approximation for exchange correlation functional known as local density approximation[100].
Based on this approximation, the electron density in a system varies very slowly with respect to
space coordinates, enabling a locally uniform electron density. The form of exchange correlation
defined in this approximation is
ELDAxc [n(r)] =
∫
n(r)ǫhomxc (n(r))dr. (2.23)
Here ǫhomxc is exchange-correlation energy per particle of the interacting homogeneous electron gas of
density n(r). This approximations is capable enough to predict the electronic structure of molecules
and few less interacting solids. LDA is proved successful for several cases, such as prediction of
lattice parameters, charge density etc. In the case of solids, LDA results are found to be improved
from H-F method.
2.3.2 The generalised gradient approximation (GGA)
The concept of locally uniform electron density is not appropriate for several highly correlated
systems, where one should expect the variation of electron density as a function of spatial coordinates.
In 1969, Herman et. al., [112] came up with an idea such that the electron density might vary
with spatial coordinates and the corresponding exchange correlation energy can be expressed as the
gradient of electron density, and the method is known as generalised gradient approximation (GGA).
The form of exchange correlation functional in this approximation is
EGGAxc [n(r)] =
∫
n(r)ǫxc[n(r), δn(r)]dr. (2.24)
In few cases such as ground state properties and magnetic properties, GGA achieved better results
than LDA. In the case of ferroelectric calculations, GGA failed to give proper results. Both LDA and
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GGA failed to provide the band gap of semiconductor, which is important for transport calculations.
In the next section, we deal with a convenient method, which predicts an improved band gap over
LDA and GGA.
2.3.3 Tran-Blaha modified Becke-Johnson potential (TB-mBJ)
In 2009, Tran and Blaha proposed an efficient form of exchange correlation functional, and tested
in several solids such as wide band gap insulators, ’s,p’ semiconductors, and few strongly correlated
3d transition metal oxides, and have shown the proper prediction of band gap which is comparable
with experimental values[113]. There are several methods such as LDA +U, GW etc, proposed after
the traditional exchange correlation functional LDA, GGA. The TB-mBJ functional gained more
attraction as it is computationally less expensive. This method is a modification over the exchange
correlation proposed by Becke and Johnson[114], and can be expressed as follows
vMBJx,σ (r) = cv
BR
x,σ (r) + (3c− 2)
1
π
√
5
12
√
2tσ(r)
ρσ(r)
(2.25)
where ρσ =
∑
1,N |ψi,σ|2is the electron density tσ = 12
∑
1,Nσ
∇ψ∗i,σ.∇ψi,σ
is the kinetic energy density and
vBRx,σ (r) = −
1
bσ(r)
(1− e−xσ(r) − 1
2
xσ(r)e
−xσ(r)) (2.26)
is the Becke-Roussel potential which was proposed to model the Coulomb potential created by the
exchange hole. xσ is determined from an equation involving ρσ, ∇ρσ,∇2ρσ and tσ
and then ’b′σ
is calculated with
bσ = [x
3
σe
−xσ/8πρσ]
1/3(2.27)
’c’ was chosen to depend linearly on the square root of the average of |∇ρ|/ρ,
c = α+ β(
1
Vcell
∫ |∇ρ(r′)|
ρ(r′)
d3r
′
)1/2.(2.28)
where ’α’ and ’β’ are two free parameters Vcell is the unit cell volume.
he band gap of the compounds included in the present thesis has been calculated using TB-
mBJ and few are reported with TB-mBJ with improved parameters, where the value of α is found
to be different. We have performed electronic structure calculations using Wien2k code, which is
based on full-potential linearized augmented plane wave method (FP-LAPW). Few of the geometry
optimizations are calculated using pseudo potential method. In next section, we have discussed the
vital points of above mentioned methods.
2.4 Methods
Here we would like to discuss few basic methods which are developed to estimate the electronic
structure of a real solid. This method in general divide the entire electrons as valence and core
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electrons, since the core electrons are mostly inactive for physical properties of the material. It is
very important to implement the form of potential in these core region and valence region, and we
briefly explain few methods which are used in this thesis.
2.4.1 Linearized Augmented Plane Wave (LAPW) Method
Before discussing the LAPW method, we have to understand the basic Augmented plane wave
method (APW), which is explained below
Augmented plane wave method (APW)
The unit cell of a periodic solid can be divided into two, one is core region and the other is interstitial
region. The core region is also known as Muffin-Tin spheres[115]. The potential in these two regions
are identified as different and given below.
V (r) =
{∑
lm Vlm(r)Ylm(r) (r∈MT )
∑
G VGe
iG.r (r∈I)
(2.29)
Hence the basis of two regions also will be different. In the atomic region the wave function vary
rapidly, whereas in the interstitial region the wave functions are smoothly varying and expressed as
below
φAPWkn (r, ǫl) =
{∑
lm Alm,knul(r,ǫl)Ylm(r) (r∈MT )
1√
V
eikn.r (r∈I)
(2.30)
where kn = k + Gn, Gn are the reciprocal lattice vectors, k is the wave vector inside the first
Brillouin zone and V is the volume of unit cell. The coefficients Alm are calculated by matching the
wave functions of the atomic sphere and the interstitial regions. Further the augmented plane wave
function will act as the basis of the Kohn-Sham wave function (ψ) as follows:
ψk(r) =
∑
n
cnφkn(r) (2.31)
APW method is very slow due to the unknown energy parameter included in the radial part of
the wave function. Next we will discuss the Linearized APW method
Linearized Augmented Plane Wave (LAPW) method
Through the linearizion method, LAPW helps to reduce the problems which appeared in APW
method due to the non-linearity of ul(r, ǫl). Taylor series is used to expand ǫl in LAPW method as
shown below:
ul(r, ǫl) = ul(r, ǫ
1
l ) + (ǫl − ǫ1l )u˙l(r, ǫ1l ) +O((ǫl − ǫ1l )2) (2.32)
where u˙l = ∂ul/∂ǫl. The ǫ
1
l is a fixed point energy around which the Taylor expansion is carried
out. The basis set for the LAPW method defined as:
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φLAPWkn (r) =
{∑
lm[Alm,knul(r,ǫl)+Blm,kn u˙l(r,ǫl)]Ylm(r) (r∈MT )
1√
V
eikn.r (r∈I)
(2.33)
From the above mentioned equation, it is evident that both APW and LAPW share the same basis
set in the case of interstitial region. and the main difference stems only from the Muffin-Tin spheres,
in which the basis set will depend both on energy ul and its energy derivative, u˙l. The inclusion
of energy and its derivative in LAPW method will enhance the accuracy compared to the APW
method.
APW+lo method
The inclusion of local orbitals (lo) to the linearization of APWmethod is the next method to improve
the solutions. The basis set for the APW+lo method is defined as follows:
φAPW+lolm (r) =
{[Almul(r,ǫl)+Blmu˙l(r,ǫl)]Ylm(r) (r∈MT )
0 (r∈I)
(2.34)
The accuracy of this method is similar as LAPW method, and the advantage of this method is the
small basis set like APW method. The process of normalisation is used to extract the coefficients
Alm and Blm using the condition that the local orbital is zero at the Muffin-Tin boundary. The
present thesis examines the electronic structure properties using full-potential LAPW (FP-LAPW)
and APW+lo methods as implemented in WIEN2k code [115].
2.4.2 Pseudopotential method
We have used pseudopotential method to reduce the computational time involved in the full-electron
methods, where all electrons will be taken care, for calculating the dynamical properties. A clear
division of core and valence electrons is observed in every solid. The valence electrons are considered
to be the reason for most of the physical properties, and core electrons are considered to be inactive.
In pseudo potential method only valence electrons are considered. The wave functions in this method
are selected in such as way that, within the core region the wave function may not match with the
real wave function and after the cut off region the pseudo wave function becomes equal to the real
wave function. The main criteria that need to be satisfied in this method is that both pseudo wave
function and potential should exactly match to the full potential terms out side the core region.
The second condition is that pseudo wave functions and its first and second derivatives should be
continuous at the boundary, where core and valence regions are separated. The Schro¨dinger equation
in pseudopotential method will be,
(
1
2
∇2 + V )ψ = εψ (2.35)
Here ψ is the wave function for the all electron (AE) atomic system with angular momentum
component l. The pseudo wave function is of the form
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ψ
ps
l =
n∑
i=1
αijl (2.36)
Here αi is the fitting parameter and jl are the spherical Bessel functions. In the present thesis, we
have used the pseudopotential method to evaluate the structural optimization and phonon dispersion
calculations as implemented in PWSCF [116] code.
2.5 Z2 topological invariant: Method of calculations
We have extended our electronic structure calculations up to Z2 topological invariant for few system
which preserve both time reversal symmetry and inversion symmetry. Here we would like to discuss
the theory behind this calculation and method of calculation. In 2007, Fu and Kane proposed
a method for Z2 topological invariant, where they have connected the parity of occupied Bloch
wave function to Z2 topological invariant for a system which preserve time reversal symmetry and
inversion symmetry[117]. First let us discuss the concept of time reversal symmetry in condensed
matter physics.
2.5.1 Time Reversal Symmetry
Like any other symmetry, the invariance of a physical law under time reversal transformation is
known as time reversal symmetry, this can be considered as a general definition. The time reversal
operator is defined as
θ̂ = iσyK̂ (2.37)
where σy is Pauli spin matrix and K is complex conjugation operator. The time reversal operator is
the product of a unitary operator and complex conjugate operator, enabling an antiunitary nature
for this operator. Any periodic crystal can be described by Bloch theorem, and the Schro¨dinger
equation can be written as
H(k)|unk >= Enk|unk > (2.38)
If the Hamiltonian satisfy the time reversal symmetry,
H(−k) = θH(k)θ−1 (2.39)
This implies that, at particular momenta k , where k = -k + G, G is the reciprocal vector, two
bands will have same energy, which is known as Kramers pairs. The corresponding spatial momenta
is known as TRIM (Time reversal invariant momenta) point.
2.5.2 Z2 topological invariant
For the compounds which preserve time reversal symmetry and inversion symmetry, we have calcu-
lated Z2 topological invariant by combining with parity of Bloch wave functions as explained by Fu
and Kane[117]. For a three dimensional system there are eight TRIM points in the BZ, and four
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topological invariant parameters such as ν0, ν1, ν2, ν3. The definition of ν0 is as follows,
(−1)ν0 =
8∏
i=1
δ(i) (2.40)
where δ(i) is defined as the parity at each TRIM point. A non-zero value of ν0 represent strong topo-
logical insulator. For the other three parameters, we have to consider TRIM points in corresponding
planes.
2.6 Surface states
In present thesis, we have calculated the surface states of few of the investigated compounds by
the combination of Wien2k and Wannier90 packages. The details regarding Wien2k and its FP-
LAPW method is discussed in the above section. In this section, we would like to outline the bridge
between these two methods for the surface states computation. Wannier90 package is based on
maximally-localised Wannier functions, (MLWF)[118], which is an alternative method to understand
the electronic properties of material. Using first principles slab calculations, one can calculate the
surface electronic structure, but this method needs huge computational resources. Wannier based
approach for surface states is more convenient, and here we have used the same. The method can be
describe as follows. Firstly a well converged calculations have to to performed for a bulk crystal (here
we have used Wein2k). After selecting the range of energy which cover the upper valence bands and
lower conduction bands, disentangled WFs spanning the upper valence and low-lying conduction
bands will be generated, and the corresponding TB Hamiltonian matrix will be constructed. The
augmented TB parameters are then used to construct sufficiently thick free-standing tight-binding
slabs by a simple truncation of the effective TB model[119]. In present thesis, we have plotted the
surface spectral function using the same.
2.7 Boltzmann transport theory: Method to calculate the
thermoelectric properties
In general, any kind of transport in a material can be understood as the response of this carriers
to any external perturbations. The external stimuli can be electric or magnetic field, temperature,
etc. The transport theory explains all possible ways of response of the carriers to the stimuli. Two
transport theories are well established, one is Boltzmann transport theory[120] and the other is
Green Kubo theory[121]. The thermoelectric properties of investigated compounds in the present
thesis are performed using semi-classical Boltzmann transport theory implemented in BoltzTraP
code[122]. Here we would like to discuss the semi-classical Boltzmann theory and few assumptions
included in the same.
Boltzmann transport equation starts with the definition of the electron distribution function
f(r, k, t)drdk (here the carriers are considered to be electrons), which is the number of electrons at
point r with wave number k in the small phase space volume drdk. The core of this problem is
the time evolution of the electron distribution function f(r, k, t). The total number of electrons in
the system can be calculated by integrating the electron distribution function in k and r space. To
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understand the variation of the distribution function in time, the knowledge of the stimuli is needed,
in general external field, temperature gradient and scattering are considered as the cause of carrier
transport, which cause diffusion, drift and collision. After incorporating all these perturbations, the
variation of f(r, k, t) in time can be seen as
f(r, k, t)
∂t
=
f(r, k, t)
∂t diffusion
+
f(r, k, t)
∂t drift
+
f(r, k, t)
∂t collision
(2.41)
Each term in the above equations can be understood separately, To understand the diffusion
term, let us fix the ’k’ point, and see how the carriers vary as function of ’r’, and ’t’. If vk is the
velocity, the particles in a small volume dr at r and at time t are considered to be same as were at
the point r − vkdt and at time t − dt. Then the variation of the distribution function in time due
to diffusion can be written as
f(r, k, t)
∂t diffusion
= −vk.∂f(r)
∂r
(2.42)
In similar way, at a fixed ’r’ electrons with wave number k were same with wave number k −
dtdk/dt, the change of distribution function due to drift
f(r, k, t)
∂t drift
= −k.∂f(k)
∂k
(2.43)
The challenge here is to address the collision term, in general collision depends on all the scatter-
ing mechanism and the form will be very complicated. Here we have used the simplest case, where
the change in distribution function due to collision is considered as
f(r, k, t)
∂t collision
= −f(k)− f
0(k)
τ(k)
(2.44)
After substituting the exact form of all the terms, the Boltzmann transport equation can be
written as
f(r, k, t)
∂t
= −vk.∂f(r)
∂r
− k.∂f(k)
∂k
− f(k)− f
0(k)
τ(k)
(2.45)
At the steady state, the time derivative of the distribution function will be zero, and then
−vk.∂f(r)
∂r
− k.∂f(k)
∂k
− f(k)− f
0(k)
τ(k)
= 0 (2.46)
The knowledge of the electron distribution function helps to compute several transport properties.
The transport coefficients can be obtained by solving the current density equation, the equation for
electric current density is
Je =
2e
8π3
∫
v(k)f(k)dk (2.47)
Further heat current density due to electrons can be written as
JQ =
2
8π3
∫
v(k)[E − µ]f(k)dk (2.48)
where µ is the chemical potential. After substituting the electron distribution function obtained
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from Boltzmann transport theory, the above two equations become
Je =
2e
8π3
∫
v(k)v(k)τ(k)(
−∂f0
∂E
)[eǫ−∇µ+ E − µ
T
(−∇T )]dk (2.49)
Then
JQ =
2
8π3
∫
v(k)v(k)τ(k)(
−∂f0
∂E
)[eǫ−∇µ+ E − µ
T
(−∇T )][E − µ]dk (2.50)
To minimize the complexity, response function has been defined
In =
1
4π3
∫
v(k)v(k)τ(k)(
−∂f0
∂E)[E − µ]dk (2.51)
Both the current densities can be expressed in terms of response function
Je = e
2I0ǫ+ e
I1
T
(−∇T ) (2.52)
JQ = eI1ǫ+
I2
T
(−∇T ) (2.53)
When the temperature gradient is zero, Je = σǫ where σ is the electrical conductivity. The
electrical conductivity can be calculated using σ = e2I0 Similarly, by switching off the electric filed
and allow a temperature gradient, the equation for JQ becomes JQ = k(-∇T) where k represents
the thermal conductivity due to electrons. ‘k’ can be calculated using
k =
1
T
[I2 − I
2
1
I0
] (2.54)
The equation for Seebeck coefficient, where the temperature gradient is non-zero and in absence
of electric current,
S =
I1
eTI0
(2.55)
Using Boltzmann transport theory, one can find electrical conductivity, Seebeck coefficient (ther-
mopower) and electronic part of thermal conductivity. The calculation of these transport properties
in the present thesis was performed using BoltzTraP code, which is based on two assumptions,
which are discussed here. Constant Scattering Time Approximation (CSTA), which assumes that
the relaxation time is a constant. Another approximation is rigid band approximation, and in this
approximation, the small change in the number of valence electrons does not effect the electronic
structure profile, and bands are considered to be rigid, and are explained below.
2.7.1 Constant Relaxation Time Approximation
In the previous section, we have discussed the three main perturbation which cause carrier trans-
port, among that collision involves several scattering processes such as electron-electron scattering,
electron-phonon scattering, scattering with boundary spaces. To simplify the collision term in BTE,
constant scattering time approximation (CSTA) was introduced. After imposing this approximation
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one can write the change in electron distribution function due to collision as
f(r, k, t)
∂t collision
= −f(k)− f
0(k)
τ(k)
(2.56)
where ’τ(k)’ is defined as the relaxation time. The physical meaning of the relaxation time
can be explained as follows. Consider at time t =0, both external field and temperature gradient
perturbations are switched off, the change in electron distribution function will be only due to
collision, and the relaxation time is defined as the characteristic time for a system to set back to its
equilibrium state.
2.7.2 Rigid band Approximation
The aim of the present thesis is to explore the thermoelectric properties of few prospective materials
within the frame work of first principles calculations, where one should understand the TE properties
as a function of hole and electron doping. To perform the hole and electron doping calculations,
large super cells are needed which is computationally very expensive. A feasible approximation
known as rigid band approximation (RBA) is introduced to overcome the above issue. Considering
the number of valence electron in the system as ’N0’, and change in the valence electron after doping
as ’δn’, the total number of electrons can be written as
Ne =
∫
N(E)f(T, µ)dE (2.57)
where ‘µ’ represents the chemical potential for the doped material with carrier concentration Ne =
N0 + δn. It is assumed that, the electronic structure properties such as band profile and density of
states remains rigid for small change in valence electrons. In the present thesis, the thermoelectric
properties have been calculated based on RBA. Several studies proved that doping with the elements
Sb and Bi does not effect the band structure[123, 124]. The validity of RBA has been verified for
optimum doping range and significant number of TE materials are successfully predicted using this
approximation [125, 126].
2.8 Computational Details
The electronic structure properties of all the studied compounds were calculated using FP-LAPW
method as implemented in Wien2k package. Few of the geometry optimization and phonon dis-
persions were calculated by using pseudo potential method as implemented in Pwscf program and
VASP package. Thermoelectric properties were calculated using DFT and BoltzTraP code. Elec-
tronic properties such as band structure, density of states and Fermi surfaces were calculated, and
thermoelectric coefficients like thermopower, electrical conductivity scaled by relaxation time ( will
be addressing as electrical conductivity throughout the thesis) and power factor were calculated.
Surface state were calculated by the combination of Wien2k and Wannier90 and Wannier-tools. All
the calculations were well converged. In each chapter we have included computational details, which
were used for that particular set of calculations.
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Chapter 3
Thermoelectric properties of
ZnXPn2 (X: Si, Ge, Sn: Pn: P, As,
Sb), and tunable ultra high
conductivity in ZnGeSb2
We present a detailed first principles study of electronic and TE properties of Zn based pnictide series
in this chapter. Compounds considered in this chapter crystallize in tetragonal structure with space
group I 4¯2d, and fall into a well known chalcopyrite family. Precise electronic structure of all the
studied compounds is computed using Tran-Blaha modified Becke-Johnson (TB-mBJ) functional.
We find the existence of a mixture of light and heavy bands in the band structure which in general
strengthen the TE properties. Computed TE properties unveils the p-type conduction to be favorable
in ZnXP2 (X: Si, Ge, Sn) and n-type conduction in ZnGeP2 and ZnSiAs2. Mechanical stability of
all the studied compounds are verified using elastic constants. The thermopower of the investigated
compounds are found to be higher than the prototype chalcopyrite TE materials, together with
comparable values for electrical conductivity. In addition, the investigated compounds are found to
possess higher thermopower than the well known traditional TE materials at room temperature and
above, which motivates further research in these compounds. Among these investigated compounds,
ZnGeSb2 turned out to be very promising TE material with huge power factor of the order of 3×1017
W m−1 K−2 s−1 due to the huge electrical conductivity around 8.5×1025 Ω−1 m−1 s−1, observed
in its massive Dirac state. The calculated electrical conductivity is higher than the well established
Dirac materials, and is almost carrier concentration independent with similar behaviour for both n
and p type carriers. Detailed analysis of the projected band structure reveals the s, p band inversion
around Γ high symmetry point in the tensile strained state of ZnGeSb2 and ZnSnSb2. The possibility
of low range of thermal conductivity is also evident from the phonon dispersion plot of ZnGeSb2 and
Debye temperature. Application of systematic hydrostatic strain on ZnGeSb2 and ZnSnSb2 reveals
the gradual phase change of ZnGeSb2 from a normal semiconducting state, through massive Dirac
states, to a topological semi-metal, whereas ZnSnSb2 is transfered from normal semiconductor to
metal together with a band inversion. The maximum power factor is observed in the massive Dirac
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states of ZnGeSb2 compared to all other compounds.
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3.1 Introduction
Exploring potential TE materials is challenging, and for this purpose one has to find promising
materials which show desired properties which are already discussed in the previous chapter. Chal-
copyrite and pnictide semiconductors of the form ABC2 have attracted researchers due to diverse
physical properties such as high melting point, high refractive index, high nonlinear optical suscep-
tibility and many more[127, 128, 129]. As a result of these properties, both the chalcopyrites and
pnictides are identified as promising materials for several device applications like electronic devices
[130], nonlinear optical devices [131, 132], photo-voltaic cell [133], thermoelectric applications[134]
etc. The investigated compounds are known to be the ternary analogue of zinc blende structure. A
significant number of ‘Zn’ and ‘Cd’ based pnictides are found to be promising material for nonlinear
optical applications, as observed in ZnGeP2 and CdSiP2[135, 136], and ZnSnP2 is identified as a
good material for solar cell applications[137]. The structural, electronic and optical properties of
these compounds are well explored by experimentalist as well as theoreticians [138, 139, 128]. The
TE applications of these compounds are less investigated, even though the prototype compounds
have shown good TE properties[140, 141, 142]. The prototype compound CuGaTe2 showed a figure
of merit around 1.4 from experiment[143], and theoretical study on this material also confirmed
the same [141]. Another ‘Ag’ based compound AgGaTe2 was also investigated for TE properties
[140]. As we have seen in first chapter, earth abundance, stability up to high temperatures and
semiconducting electronic properties are fruitful for TE application and the investigated compounds
are highly earth abundant and stability of these compounds is reported up to 1000 K[144]. The
band structure calculations of these series is quite appreciable with it’s remarkable combination of
heavy and light bands that can help for TE properties[140]. Here we would like to examine the
TE properties of ‘Zn’ based pnictides. Further, we have studied the possibilities of improving the
TE properties by applying strain. To enhance the performance of a TE material we have to either
increase the power factor, which highly depends on the electronic structure or suppress the lattice
thermal conductivity. Since the power factor is highly dependent on the electronic structure, the
enhancement of the power factor can be controlled by tuning the electronic structure of the mate-
rial, and this can be achieved by the application of pressure or strain[145, 146]. The recent research
on TE materials are connected with different quantum states of matter like topological insulators,
semi-metals, Dirac materials etc, and studies proved that significant number of TE materials are
topological insulators[147, 148]. One such example is the potential applications of graphene, a 2D
Dirac material[149] which influenced the material research, and it became a dominant research area
in condensed matter theory and experiment. There are several studies reported on the thermo-
electric properties of graphene[150, 151], and the latest study revealed the enhancement of power
factor in graphene/hBN (hexagonal boron nitride) device[152]. Apart from graphene and graphene
like materials, topological insulators like TlBiSe2[153] and Bi2Te3 [154] etc, also host surface Dirac
states. Subsequently some of the 3D materials like Cd3As2 and Na3Bi show Dirac cone in the bulk
[155, 156, 157] form, and this discovery accelerated the research in 3D Dirac materials. In 3D Dirac
materials, the conduction and valence band will touch each other at a particular point, and from that
point we can observe linearly dispersive energy eigen states in all momentum directions. This can
be described by a pseudo relativistic Dirac equation, and these materials can be considered as a 3D
analogue of graphene. The spin orbit coupling plays a crucial role in these materials, and in addition
to that small perturbations like strain and chemical potential, can help in tuning the 3D bulk Dirac
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Figure 3.1: Crystal structure of investigated compounds.
states in these compounds. In Dirac materials themselves, massless and massive Dirac fermions
are observed, and graphene has massless Dirac fermions, and the compound like Pb1−xSnxTe has
massive fermions also[158], and this arises due to the small opening between the Dirac points. Cur-
rent studies on graphene showed that a small band gap between Dirac points are helpful for good
device applications[159, 160], which enabled further studies to improve the application of graphene
by opening a gap between the Dirac cones. The wide range of applications of the materials which
carry massless or massive Dirac fermions has motivated the scientists to explore further. To the best
of our knowledge, there are only very few studies available, which are connecting the Dirac states
and transport properties.[161] This further encourage us to examine how a massive Dirac state will
influence the thermoelectric properties. In this chapter, we have analyzed the electronic and TE
properties of ZnXPn2 (X:Si, Ge, Sb; Pn: P, As), ZnSiSb2, ZnGeSb2 and ZnSnSb2, and the effect of
hydrostatic strain on electronic structure and TE properties of ZnGeSb2. This chapter is organized
as follows, section 3.2 describes the computational details used for the present study, section 3.3 con-
tains the results and discussions which include structural, electronic and thermoelectric properties
and section 3.4 concludes the vital points in this chapter.
3.2 Computational details
Present calculations are based on the first principles density functional theory. We have used full
potential linearized augmented plane wave (FP-LAPW) method as implemented in WIEN2k package
[162, 163]. Experimental lattice parameters are used as an input for our calculations and we have
optimized the structure using generalized gradient approximation of Perdew, Burke, and Ernzerhof
(GGA-PBE) functional[164]. The optimized lattice parameters are used for further calculations. In
general the traditional exchange functionals like local density approximation (LDA) and generalized
gradient approximation (GGA) underestimate the band gap of semiconductors and insulators, so we
have used Tran-Blaha modified Becke-Johnson (TB-mBJ) functional[165, 166] which is found to be
quite successful in reproducing the experimental band gaps[167, 168]. Due to the presence of heavy
elements in the investigated compounds, we have included spin orbit coupling in our calculations.
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For total energy calculations, band structures and density of states, we have used 10×10×10 k-points
in the full Brillouin zone. Transport coefficients such as thermopower and electrical conductivity
were calculated using BoltzTraP code[169] with a dense k-mesh of the order of 50×50×50 k-points.
The BoltzTraP code is based on rigid band approximation (RBA) [170, 171, 172] and the constant
scattering time approximation (CSTA), and these approximations have been successfully applied for
several thermoelectric materials[173, 174, 175, 176, 177]. The structural optimization and phonon
calculations of ZnGeSb2 are carried out using pseudopotential method as implemented in the Plane
wave self-consistent field (Pwscf) program[178]. The hydrostatic strain was applied by changing the
lattice parameter by corresponding percentage and further for each strained state, we have optimized
the position of atoms.
3.3 Results and discussion
3.3.1 Structural properties
The crystal structure of the investigated Zn-based pnictides in the form ZnXPn2 (X: Si, Ge, Sn;
Pn: P, As), ZnSiSb2, ZnGeSb2 and ZnSnSb2 is shown in Figure 3.1, and these compounds possess
tetragonal structure with space group I 4¯2d. The present crystal structure in general can be iden-
tified as the ternary analogue of zinc blende structure with slight tetragonal distortion. For all the
investigated compounds, each anion Pn (Pn: P, As, Sb) is coordinated by two Zn-type cations and
two X-type (X: Si, Ge, Sn) cations and each cation (Zn, Si, Ge, Sn) is tetrahedrally coordinated by
four Pn anions (Pn: P, As, Sb). The optimized lattice parameters of ZnXPn2 (X: Si, Ge, Sn; Pn:
P, As), ZnSiSb2, ZnGeSb2 and ZnSnSb2 along with the available experimental and other theoretical
values are reported in Table 3.1. It is quite evident that the calculated lattice parameters are in
good agreement with the experimental and other theoretical reports. In the next section, we have
examined the electronic structure properties of ZnXPn2(X: Si, Ge, Sn; Pn: P, As), ZnSiSb2 and
ZnSnSb2
3.3.2 Electronic properties of ZnXPn2 (X: Si, Ge, Sb; Pn: P, As), ZnSiSb2
and ZnSnSb2
Figure 3.2 shows the electronic structure of ZnXPn2 (X: Si, Ge, Sn; Pn: P, As), ZnSiSb2 and ZnSnSb2
calculated using TB-mBJ functional. To estimate the range of band gap of all the investigated
compounds, we have plotted the calculated band gaps of ZnXPn2(X: Si, Ge, Sb; Pn: P, As), ZnSiSb2
and ZnSnSb2 together with experimental and other reported values, and are given in Figure 3.3.
From this figure, it is quite clear that our values are in good agreement with the experimental and
other theoretical reports. Among the studied compounds ZnSiAs2, ZnSiSb2 and ZnGeP2 exhibit an
indirect band gap, and other compounds are direct gap semiconductors (See Figure 3.2). Previous
theoretical study predicted an indirect band gap in ZnGeP2 by comparing it with its binary analogue
GaP[179],whereas the present study confirms the indirect band gap nature of ZnGeP2 using TB-mBJ
functional along Γ-X direction. In the case of ZnSiP2, Kumar and Tripathy reported the pseudo-
direct band gap nature using LDA[129], while the present calculations using TB-mBJ functional
reveals the direct band gap nature of ZnSiP2, which might be due the improved band gap obtained
using TB-mBJ functional over LDA functional. In the case of ‘Si’ compounds ZnSiP2, ZnSiAs2 and
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Figure 3.2: Calculated band structures using TB-mBJ functional with optimized lattice parameters
a) ZnSiP2 b) ZnSiAs2, c) ZnSiSb2, d) ZnGeP2, e) ZnGeAs2, f) ZnSnP2, g) ZnSnAs2, h) ZnSnSb2
ZnSiSb2, the band gap is found to decrease from ZnSiP2 to ZnSiSb2. A similar reduction in band
gap is found in the case of ‘Ge’ and ‘Sn’ compound as we move from ‘P’ to ‘As’. The decremental
trend in band gap going down the column in periodic table might be due to the increase in size of
the atom. Further we have examined the band profile of all the compounds in detail. The dispersion
of bands along Γ-Z direction (along c axis) is little higher than the dispersion of bands along Γ-N
direction (planar direction) in valence band, whereas in conduction band, dispersion of band along
Γ-N direction is more pronounced than Γ-Z direction, which is confirmed through effective mass
calculations in all the compounds as given in Table 3.2. To perceive the contribution from each
atom near the Fermi level, we have examined the total and partial density of sates of ZnXPn2 (X:
Si, Ge, Sn; Pn: P, As), ZnSiSb2 and ZnSnSb2, and are reported in Figure 3.4. In the case of ZnXPn2
(X: Si, Ge, Sn; Pn: P, As), near the Fermi level (EF ) in valence band, the main contribution stems
from the Pn-p state, Zn- p and d states, whereas in conduction band X-s, p and Pn-s, p states are
dominating more. For ZnSiSb2 and ZnSnSb2, Sb-p states and Zn-p, Zn-d are dominating in valence
band edge, whereas in conduction band, (Si,Sn) and Sb p and s states play a major role. Compared
to valence band, the extent of hybridization between X and Pn states is more in the conduction band
for all the investigated compounds (see Figure 3.4). This shows that the electrical conductivity in the
case of electron doping may dominate a little than hole doping for all the investigated compounds.
We observed a sharp increment in density of states around valence band edge for all the studied
compounds, and this trend is more pronounced in ZnXP2 compounds compared to ‘As’ compounds.
From this, we infer that hole doped ZnXP2 compounds might show higher value of thermopower
than ‘As’ compounds. For ‘Si’ compounds in conduction band, we observed the Si-s state to shift
towards the Fermi level when the anion ‘P’ is replaced with ‘As’ and ‘Sb’, causing a reduction of band
gap from ‘P’ to ‘Sb’. The same scenario is observed in other ‘Ge’ and ‘Sn’ compounds when ‘P’ is
replaced with ‘As’. Similar increment in density of states at both valence band and conduction band
indicate good TE properties for both the carriers, in all the investigated compounds. Mechanical
stability is yet another important criteria for any device applications. Here we have confirmed the
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Figure 3.3: Calculated band gaps for all investigated compounds along with available experimen-
tal and other theoretical reports a: Ref.[[190]], b: Ref.[[129]], c: [Ref.[191]], d: [Ref.[192]], e:
Ref.[[193]], f: Ref.[[194]], g: Ref.[[179]], h,i: Ref.[[195]], j: Ref.[[201]], k: Ref.[[202]], l,m: Ref.[[203]],
n: Ref.[[204]], o: Ref.[[205]]
mechanical stability of all the compounds using elastic constants. Computed elastic constants of the
investigated compounds are reported in Table 3.3. All the compounds are found to be mechanically
stable. Debye temperature of all the compounds are reported in same table. In the case of ‘Si’
based compounds, ZnSiP2 has highest value of Debye temperature and ‘As’ and ‘Sb’ compounds
show smaller value. In line with ‘Si’ compounds, ‘Ge’ and ‘Sn’ compounds also follow the similar
trend. The lower Debye temperature values of ‘As’ and ‘Sb’ compounds indicate the possibility of
low thermal conductivity in these compounds. Further we have studied the TE properties which are
explained in the succeeding section.
3.3.3 Thermoelectric properties of ZnXPn2 (X: Si, Ge, Sn; Pn: P, As),
ZnSiSb2 and ZnSnSb2
Thermoelectric properties of all the investigated compounds were calculated for temperatures rang-
ing between 300 K to 900 K. The thermopower, electrical conductivity and power-factor are calcu-
lated as functions of both carrier concentration and temperature. We have investigated the transport
properties for the concentrations lying between 1×1018 to 1×1021 cm−3 for all the investigated com-
pounds, which is an optimum carrier concentration range for better thermoelectric performance.
As mentioned earlier, the investigated compounds crystallize in tetragonal structure, and it is very
important to observe the variation of transport properties along different crystallographic directions.
For this purpose, we have investigated the thermoelectric properties along the crystallographic ‘a’
and ‘c’ axes. We have plotted the variation of thermopower as a function of both hole and elec-
tron concentrations at different temperatures along the ‘a’ and ‘c’ axes of all the compounds and
are presented in Figure 3.5. For all these cases except ZnSnAs2, the magnitude of thermopower
is decreasing with increasing concentrations for both the carriers, which is a regular trend in TE
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Figure 3.4: Calculated density of states of all the investigated compounds a) ZnSiP2 b) ZnSiAs2, c)
ZnSiSb2, d) ZnGeP2, e) ZnGeAs2, f) ZnSnP2, g) ZnSnAs2, h) ZnSnSb2
materials. From the analysis of thermopower plots, we found all the compounds to possess higher
thermopower values for holes compared to electrons. This might be due to the bands being less
dispersive in the case of valence band maximum compared to the conduction band minimum. For
all the compounds we did not observe any significant difference in thermopower along ‘a’ and ‘c’
directions which confirms the isotropic nature in thermopower along ‘a’ and ‘c’ crystallographic
directions. The maximum thermopower is found in hole doped ZnSiP2 compared to all other com-
pounds. For hole doped ZnSnAs2 we observed a bipolar conductivity at 900 K and for ZnSiSb2
from 300 K onwards bipolar conductivity is observed at low concentration range around (1×1018
cm−3),which might be due to the lesser band gaps of these compounds. For ZnSiSb2 promising
thermopower values are observed at higher concentration range from 1×1019 cm−3 to 1×1021 cm−3,
which is accepted as a considerable range. Further we have addressed electrical conductivity as a
function of both holes and electrons along different crystallographic directions at different temper-
atures in Figure 3.6. For all the compounds electrical conductivity is increasing with increasing
carrier concentration for both holes and electrons. A similar type of isotropic nature is found in
electrical conductivity also, implying the investigated compounds to possess isotropic nature of TE
properties. To understand the net TE properties, we have plotted the variation of power factor as
a function of carrier concentrations at different temperatures for all the compounds, and the same
is given is in Figure 3.7, and from the figure it is clear that the power-factor values are higher for
all the investigated compounds for the range of optimum carrier concentrations(1×1018 to 1×1021
cm−3). For hole doping, power-factor value is decreasing down the column, and for electron doping
also a similar trend is observed except for ZnSiPn2, where ZnSiAs2 has secured enhanced value than
ZnSiP2. Another vital point to be mentioned about the investigated compounds is that the reported
lattice thermal conductivity is higher compared to other TE materials[180], which is evident from the
Debye temperature values. If one can reduce the lattice thermal conductivity by some techniques
(such as superlattice, nano-structuring, etc), all the investigated compounds would be promising
materials for TE applications.
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Figure 3.5: Variation of thermopower as a function of hole and electron concentrations for all the
compounds at different temperature, (a,b) ZnSiP2, (c,d) ZnSiAs2 , (e,f) ZnSiSb2, (g,h) ZnGeP2,
(i,j) ZnGeAs2, (k,l) ZnSnP2, (m,n) ZnSnAs2, (o,p) ZnSnSb2
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Figure 3.6: Variation of electrical conductivity as a function of hole and electron concentration for all
the compounds at different temperature (a,b) ZnSiP2, (c,d) ZnSiAs2, (e,f) ZnSiSb2, (g,h) ZnGeP2,
(i,j) ZnGeAs2, (k,l) ZnSnP2, (m,n) ZnSnAs2, (o,p) ZnSnSb2.
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Figure 3.7: Variation of power factor as a function of hole and electron concentrations for all the
compounds at different temperature (a,b) ZnSiP2, (c,d) ZnSiAs2, (e,f) ZnSiSb2, (g,h) ZnGeP2, (i,j)
ZnGeAs2, (k,l) ZnSnP2, (m,n) ZnSnAs2, (o,p) ZnSnSb2.
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Figure 3.8: Comparison of thermopower (a,b) and electrical conductivity (c,d) with AgGaTe2 and
CuGaTe2 along planar axis, at 900 K. One hole per unit cell is considered as 1×1020 cm−3.
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Table 3.1: Lattice parameters of all the investigated compounds along with available experimental
and other theoretical values
Compounds apre(A˚) aexp(A˚) aOther(A˚) cpre(A˚) cexp(in A˚) cother(inA˚) upre uexp
ZnSiP2 5.44 5.4072
a 5.398d 10.56 10.4539a 10.435d 0.268 0.26948a
ZnSiAs2 5.68 5.60
b 5.584e 11.07 10.88b 10.95e 0.262 0.26575b
ZnSiSb2 6.13 - 6.077
f 12.08 - 11.68f 0.254 -
ZnGeP2 5.52 5.46
b 5.465f 10.88 10.71b 10.70f 0.252 0.25816b
ZnGeAs2 5.75 5.672
c 5.663e 11.35 11.153c 11.22e 0.247 0.264c
ZnGeSb2 6.2 - - 12.01 - - 0.244 -
ZnSnP2 5.72 5.651
c 5.71g 11.48 11.303c 11.43g 0.226 0.264c
ZnSnAs2 5.93 5.852
c 5.851h 11.95 11.703c 11.702h 0.223 0.239c
ZnSnSb2 6.28 - - 12.56 - - 0.25 -
a: ref.[186], b: ref.[128], c: ref.[187], d: ref.[129], e: ref.[189], f : ref.[207], g: ref.[133], h: ref.[127].
Table 3.2: Calculated effective masses of all the investigated compounds along the crystallographic
directions in the unit of electron mass
Compounds Γ-N(VB) Γ-Z(VB) Γ-N(CB) Γ-Z(CB)
ZnSiP2 2.89 2.20 0.38 1.17
ZnSiAs2 2.01 1.59 0.54 1.43
ZnSiSb2 3.07 0.92 0.16 0.68
ZnGeP2 1.54 0.70 0.18 0.19
ZnGeAs2 1.0 0.71 0.21 0.16
ZnGeSb2 0.09 0.02 0.03 0.02
ZnSnP2 1.91 0.97 2.02 0.82
ZnSnAs2 1.03 0.90 1.04 0.71
ZnSnSb2 0.44 1.32 0.315 0.39
In order to understand how better are the TE properties of the investigated compounds, we have
compared it with well-known chalcopyrite TE materials. The comparison between few of the studied
compounds, which secured good thermoelectric properties (ZnSiP2, ZnSiAs2, ZnGeP2, ZnGeAs2,
ZnSnP2) with prototype chalcopyrite compound CuGaTe2 (which has a high figure of merit of 1.4
from experiment[143]) and AgGaTe2 is shown in Figure 3.8. From this figure it is quite evident
that the investigated systems are appreciable similar to the well known TE materials CuGaTe2 and
AgGaTe2 for both electrons and holes. At 900K, ZnSiP2 possess a higher thermopower in the case of
holes, which is even higher than hole doped AgGaTe2 and CuGaTe2. We also found that the electrical
conductivity is also very similar to that of the compared compounds, and it is imperative that the
power factor value might be higher or comparable with other prototype compounds. This shows
that the investigated pnictide compounds almost show better thermoelectric properties compared
to well known chalcopyrite materials CuGaTe2 and AgGaTe2[140, 141]. In addition to this, we have
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Table 3.3: Elastic constants of all the compounds and Debye temperature (Θ), at optimized volume
Compounds C11(GPa) C12(GPa) C13(GPa) C33(GPa) C44(GPa) C66(GPa) Θ(K)
ZnSiP2 444.7 347.5 205.0 130.4 150.68 154.7 585.3
ZnSiAs2 104.5 46.4 47.0 103.2 54.6 64.7 363.57
ZnSiSb2 78.0 33.5 35.3 78.97 38.0 39.1 350.5
ZnGeP2 118.2 50.14 51.92 119.4 60.9 61.7 500.0
ZnGeAs2 122.5 36.9 32.9 87.6 55.9 70.3 358.4
ZnGeSb2 75.2 35.2 37.5 72.3 34.1 33.9 238.9
ZnSnP2 105 43 45 100 50 70 320.3
ZnSnAs2 74.3 43.3 44.3 92.9 38.7 49.3 265.44
ZnSnSb2 78 30 36 70 45 60 230.4
also compared the thermopower values of the present studied systems with traditional TE material,
Bi2Te3. At room temperature, and around a carrier concentration of 4×1018 cm−3, Bi2Te3 has a
thermopower of 313 µV/K for p-type and 196 µV/K for n-type, while for our compound (we have
chosen ZnSiP2) at the same conditions, it is 358 µV/K for p-type and 292 µV/K for n-type [181].
This shows that the investigated compounds are found to have higher value of thermopower compared
with well known traditional TE materials, which lead us to claim the investigated compounds as
potential materials for TE applications.
3.3.4 Electronic and thermoelectric properties of ZnGeSb2 at ambient
Crystal structure of ZnGeSb2 also fall into the tetragonal symmetry, and the optimized lattice
parameters of this compound is included in Table 3.1. Since there is no experimentally reported
values, we have confirmed the dynamical stability of ZnGeSb2 by using phonon dispersion plot (See
Figure 3.9). The primitive cell of ZnGeSb2 has 8 atoms in the unit cell which results in 24 phonon
modes for each wave vector in this compound. From the phonon dispersion plots, it is clear that
the low frequency optical modes interact with the acoustic modes in the frequency around 50 cm−1,
which indicate the strong phonon phonon scattering, and might lead to low thermal conductivity in
this compound[208]. For further investigation we have calculated the electronic structure properties
using TB-mBJ functional. The calculated band structure at the optimized volume along different
high symmetry directions, Γ-Z, Γ-N are given in Figure 3.10. From the figure, one can clearly see the
highly linearly dispersive band structure near Fermi level around Γ point, which levitate the interest
towards ZnGeSb2 compared to other ZnXPn2. To capture the proper nature of this band structure,
we have given the three dimensional representation of band projection in kx, ky and ky kz plane (see
Figure 3.10(b,c,e,f)). Now one can see the dispersion, which exactly represents a gapped Dirac states
in the low energy region, with small anisotropy along different high symmetric directions(Γ-Z and
Γ-N). The three dimensional representation of the projection along different momentum directions
gives a clear idea that the dispersion along the different momentum directions are same, indicating
the presence of 3D Dirac cone in the band structure. If we recall the band structure of ZnSnSb2 (
See Figure 3.2 ), one can observe similar linear band structure around Γ high symmetry point, but
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Figure 3.9: Phonon dispersion of ZnGeSb2
in addition, a parabolic band lies in between these highly linearized band in the low energy region,
which might annihilate the Dirac kind of band nature. Coming back to ZnGeSb2, the band gap of the
compound is direct. The presence of time reversal symmetry has been verified using spin-polarised
calculations. Highly linearly dispersed bands imply the carriers to exhibit low band mass, which we
have confirmed using effective mass calculations (see Table.3.2). Calculated elastic constants of
ZnGeSb2 at the optimized volume are represented in Table 3.3, and this confirmed the stability of
this compound. Calculated Debye temperature is comparable with the other chalcopyrite materials
and with few zintl phase compounds[210, 211], and the low value of Debye temperature indicates
the possibility of low thermal conductivity in this compound. The thermoelectric properties of a
material are derived from it’s transport coefficients like thermopower, electrical conductivity and
thermal conductivity. The parameters like thermopower and electrical conductivity at ambient is
shown in Figure 3.11. The magnitude of thermopower is found to vary slowly as a function of
carrier concentration. This behaviour is different from the normal semiconducting nature where the
magnitude of thermopower is found to decrease with carrier concentrations. In order to compare
the behaviour of ZnGeSb2 with semiconductor, we have represented the variation of thermopower
of ZnGeAs2 in the same figure. We have observed the electrical conductivity to shoot by several
orders of magnitude (around 3×1025 Ω−1m−1s−1) compared to normal semiconductor, and it showed
almost same value for all the studied concentrations. Both thermopower and electrical conductivity
show unusual response compared to normal semiconductors, which also indicate the highly linearized
dispersion in this compound. In ZnSnSb2, we could not observe this behavior, which might be
due to the presence of a parabolic band in between two highly linearized bands around Fermi
level. The carrier independent nature of thermopower and electrical conductivity of ZnGeSb2 open
up the possibility of TE application for a wide range of concentration, which may attract the
experimentalists. The huge value of electrical conductivity in ZnGeSb2 will play very crucial role
in the thermoelectric properties of this compound, which will be discussed in the upcoming section.
The fine tuning of these kind of compounds using some perturbations like spin orbit coupling, strain,
chemical substitutions can lead to different states in this compound, which motivated us to check
the electronic and thermoelectric properties in a range of volumes slightly higher and lower than our
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Figure 3.10: Band structure of ZnGeSb2. (a) band structure using optimized parameters along Z -Γ
-Z direction, (b) and (c) three dimensional representation of the kx, ky and kz, ky projection along
Z -Γ -Z direction, (d) band structure using optimized parameters along N -Γ -N direction, (e) and
(f) three dimensional representation of the kx, ky and kz, ky projection along N -Γ -N direction
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optimized volume.
3.3.5 Electronic and thermoelectric properties of ZnGeSb2 under strain
Now it is curious to examine how the band profile of ZnGeSb2 changes by the application of strain
(hydrostatic strain has been applied with respect to the optimized volume). The band gap is found
to decrease under tensile strain, and increased for compressive strain. The band structure along Γ -
Z together with projection along k vector directions at compressive strained volume (around -4.6%)
are presented in Figure 3.12. The calculated band gap at this compressive volume (-4.6 %) is 0.33
eV, and the parabolic nature of band structure observed here certainly reveal the volume dependent
electronic properties of this compound. By increasing the volume, the band gap is decreasing, and
it is found to close at 2.4% strain and for further strains it starts opening again around 3.2%. The
band structure for few strains are represented in Figure 3.13 (a,b,c,d). The band profile at 1.6%
strain is represented here, and it shows similar behavior as the optimized structure, with lesser band
gap. This kind of highly linearly dispersive nature is an indication of Dirac states, but here the
valence and conduction band tips are not touching each other indicating this state to be a massive
Dirac state. For further strain, around 2.4%, the band gap is found to be closed, and in this state
the conduction band is just touching the Fermi level. For 2.6% strain also band nature is same but
the conduction band starts dipping down to the valence band, by maintaining a small gap between
the conduction band tip and valence band tip. Around 2.6% strain, the dispersive nature of the
band is observed similar to 2.4% strain, but we have observed that the conduction band is further
moving towards valence band. The details of the relative conduction and valence band tip positions
from the Fermi level along with the gap between the conduction and valence band tip are given in
Table 3.4. For further strain around 3.2%, the band nature has changed, that is the conduction
band is lifted upward, and valence band started crossing the Fermi level. The band structure of
this strained state is given in Figure 3.13(d), where we can observe the crossing of valence band
through the Fermi level along Γ-X. The closing and opening of the bulk band gap, and the change
of band nature from indirect band gap to direct band gap along with the application of hydrostatic
strain further motivate us to check the topology change in this compound. For this purpose we
have plotted the band structure at different strains together with total ‘s’ character, see Figure
3.13 (e,f,g,h). At a compressive volume corresponding to -4.6% strain, ZnGeSb2 is found to be an
indirect band gap semiconductor with band gap around 0.33 eV. At this state ‘s’ like (Γ6) bands
are dominating near CBM (conduction band minimum) and ‘p’ like (Γ8) bands are dominating near
VBM (valence band maximum). The parameter E0 is defined as the energy difference between ‘s’
like Γ6 bands and ‘p’ like Γ8 bands (E0 = E(Γ6)- E(Γ8)). At this volume (compressive strained
state), E0 is around +0.35 eV, and this positive value, indicate the presence of ‘s’ states above ‘p’
states, and this value confirm the normal semiconducting nature at compressive strain, and this
is in good agreement with the previous study.[209] At 2.4% strain the band order is found to be
reversed, at Γ point, where the ‘s’ like bands are shifted below VBM and aligned below the ‘p’ like
bands (see Figure 3.13(f)). The size of the circle represent the ‘s’ character, and upon hydrostatic
expansion, one can easily observe the size of the circle at the Γ point in the conduction band to
reduce and in the valence band it is found to increase. This is an indication of band inversion
which is crucial in topological insulating behaviour. At this expanded state, we found that the value
E0 turned to be negative around −0.07 eV, where the ‘s’ like Γ6 band aligned 0.07 eV below the
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Figure 3.11: Variation of thermopower and electrical conductivity as a function of carrier concen-
tration for optimized structure ZnGeSb2 and ZnGeAs2. Solid line for ‘a’ axis, and dashed line for
‘c’ axis
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Figure 3.12: Band structure of ZnGeSb2 at -4.6% strain (a) along Γ -Z high symmetric direction,
(b) three dimensional representation of the kx, ky projection along Z -Γ -Z direction.
52
VBM. The schematic of electronic structure over a range of volume is given in Figure 3.14. While
analysing the band structure systematically, it is evident that at compressive strain (around 4.6
%), the compound is a normal semiconductor, around optimized volume, the compound possesses
massive Dirac state, where it shows highly linearly dispersive band profile, and above 3.2 % tensile
strain, the compound shows topological semi-metallic state. This clearly indicate the three states of
this compound: normal semiconductor, massive Dirac states and topological semi-metal. In addition
to this, tuning of massive Dirac states can be observed by the application of expansive strain. In a
similar line we have analysed ZnSnSb2, and we could see that the band gap is closing at 8% tensile
strain and remains the same up to 20% tensile strain. A band inversion is observed at the strained
state, and the projected band structure of ambient and 8% strained state are given in Figure 3.15.
Further we have concentrated only on ZnGeSb2. In the following paragraph we discuss the transport
properties in these states.
The interesting part of the electronic structure of this compound is already discussed, and now
one can analyse the thermoelectric properties, and this is summarised in Figure 3.16. In this figure,
we have given the variation of transport coefficients as a function of strain at carrier concentration
around 5.0×1019 cm−3 at 300 K, and as function of carrier concentrations from 1.0×1018 cm−3 to
1.0×1020 cm−3. As we expected from the electronic structure, peculiar behaviour of thermoelectric
coefficients are observed. The magnitude of thermopower is found to be decreased for tensile strain
and increased for compressive strain, which indicate that at the compressive strained states, the
compound has normal semiconducting nature, where the thermopower is high compared to ambi-
ent and expanded states are the ones where system has massive Dirac states. The reduction of
magnitude of thermopower might be due to the small band mass near the Fermi level. The ther-
mopower has a local peak at 2.4% strain, where the electronic topology is changing. The electrical
conductivity exhibits a huge increment ( in the order of 1×1025 Ω−1m−1s−1) in the Dirac states
compared to normal semiconducting states. Figure 3.16 shows that for negative strains the electrical
conductivity is lesser than ambient and expanded states(massive Dirac states). To understand the
overall thermoelectric properties, we have given the power factor also (see Figure 3.16), where one
can clearly observe that around the optimized volume, there is a huge increment in power factor,
with a subsequent decrease, and after 2.4% it starts increasing. Among massive Dirac states, one
can clearly see that the strained states which hold the Fermi level far from the Dirac points are more
favourable. Similar observations are mentioned in graphene based studies.[212] From the figure it
is evident that the magnitude of power factor is almost similar for both holes and electrons, which
indicate the possibility of device application in this compound. There is a huge anisotropy in power
factor observed in the Dirac states, the ‘c’ axis is more beneficial than the ‘a’ axis for optimized
volume. One point we would like to mention here is that all the Dirac states observed in this study
were massive Dirac states, where we have observed a gap between two Dirac points, which is bene-
ficial for device applications, unlike the massless state in graphene. Recent research in graphene is
evolving in a direction where people are trying to open a small gap between the degenerate Dirac
point.[213] This shows the significance of the investigated material. Overall, the maximum power
factor observed at the optimized state is several orders of magnitude higher than the power factor
observed for the normal semiconducting state, and also the magnitude of power factor observed in
the Dirac state is higher than the power factor of well known thermoelectric materials.[214] In figure
3.16(f), we have compared the power factor of our investigated compound at it’s massive Dirac
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(g) (h)
Figure 3.13: Band structure of ZnGeSb2 (a) band structure at 1.6% strain along Z -Γ -Z direction,
(b) band structure at 2.4% strain along Z-Γ -Z direction, (c) band structure at 2.6 % strain along Z
-Γ -Z direction,(d) band structure at 3.2% strain along X -Γ -X direction, Calculated s, p projected
band structure for different strains (black circle represent ’s’ bands, red circle represent ’p’ bands):
e) -4.6% strain f) 2.4% strain g)2.8% strain h) 3.2% strain
(a)
Figure 3.14: The schematic of electronic structure as a function of strain
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Figure 3.15: Projected band structure for ZnSnSb2 at a) ambient and b) 8% hydrostatic strain,
(black circle represent ’s’ bands, red circle represent ’p’ bands)
state with other materials. The magnitude of thermal conductivity also plays crucial role in the
performance of thermoelectric materials. The investigated phonon dispersion and calculated Debye
temperature gave strong evidence of low lattice thermal conductivity. The magnitude of thermal
conductivity of chalcopyrite family is previously investigated[180], and they have reported that the
prototype structure ZnGeP2 and ZnGeAs2 have lattice thermal conductivity of 158 mW(cmK)
−1
and 117 mW(cmK)−1 respectively. As we know that the magnitude of lattice thermal conductivity
will reduce if one replace As with Sb, the magnitude of lattice thermal conductivity of ZnGeSb2
can be expected to be lesser than that of ZnGeAs2. To estimate the range of power factor (S
2σ),
which is independent of relaxation time, we have assumed the relaxation time as 1×10−14 s and
1×10−15 s , and the calculated electrical conductivity (σ) and power factor (S2σ) are given in Table
3.5. We have observed high power factor due to the ultra high conductivity. The conductivity values
observed for both the relaxation time are very high compared to other established materials, and the
comparison is given in Table 3.5. In addition to this, conductivity value is higher than the reported
conductivity of the Dirac semi-metal Cd3As2[215]. In Figure 3.17, we have summarised the TE
properties of ZnGeSb2 in schematic way. In the era of thermoelectric materials, we have observed
the enhancement of power factor (S2σ) due to some external effect like pressure or in low dimensional
materials. Here in the present study, the bulk optimized structure itself showed a huge power factor.
To predict the exact figure of merit, the knowledge of the relaxation time is needed. The relaxation
time of graphene is predicted to be in the order of 1×10−15.[216] If one can experimentally verify
the lattice thermal conductivity and relaxation time of ZnGeSb2, it will turn out to be an excellent
thermoelectric material.
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Figure 3.16: (a,b,c) Variation of thermopower, electrical conductivity and power factor as a function
of strain. Solid line for ‘a’ axis, and dashed line for ‘c’ axis, (d,e) Variation of power factor as a
function of concentration, f) Comparison of power factor with other materials PbTe[214], solid line
for p -type and dashed line for n- type.
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Figure 3.17: Schematic of phase change and comparison with well established compounds, PbTe[214],
Cd3As2[215], YPtBi[221]
3.4 Conclusions
The band structure of ZnXPn2 (X: Si, Ge, Sn: Pn: P, As: Sb) is studied, where ZnSiAs2, ZnSiSb2
and ZnGeP2 show indirect band gap nature and other investigated compounds are direct band
gap semiconductors. From the transport properties, it is quite clear that most of the investigated
compounds are favorable for TE applications for temperatures ranging from 300 K to 900 K. The
investigated pnictide compounds show almost comparable thermoelectric properties with the well-
known TE materials of chalcopyrite structures. Among the studied compounds, p-type ZnSiP2,
ZnGeP2 and ZnSnP2 and n-type ZnGeP2 and ZnSiAs2 are found to have good TE properties. Present
study reveal the potential thermoelectric properties of Zn based pnictides, and can be best used, if one
could reduce the thermal conductivity by alloying or nano-structuring. Highly tunable massive Dirac
states and their transport properties were discussed systematically. The investigated compound is
found to be an excellent material for thermoelectric application due to massive Dirac states, which
lead to a huge power factor, ultra high conductivity and low thermal conductivity. In addition
to that, the band inversion in this compound is also analysed. The mechanical and dynamical
properties revealed the stability and low thermal conductivity of this compound. Compared to
other chalcopyrite thermoelectric materials, the present compound exhibits a huge power factor
in it’s stable massive Dirac states. The electrical conductivity and thermopower are found to be
almost carrier concentration independent, which may certainly fetch device applications and need
to be verified experimentally.
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Table 3.4: Alignment of bands near Fermi level of ZnGeSb2 at different strains
Strain(in %) CBtip VBtip gap
0.6 0.089(+) 0 0.089
0.8 0.076(+) 0 0.076
1 0.068(+) 0 0.068
1.2 0.059(+) 0 0.059
1.4 0.047(+) 0 0.047
1.6 0.037(+) 0 0.037
1.8 0.026(+) 0 0.026
2.4 0.00145(+) 0.0058(-) 0.00725
2.6 0.00725(-) 0.0114(-) 0.00415
2.8 0.0104(-) 0.0235 0.01312
3 0.0087(-) 0.024(-) 0.0153
Table 3.5: Comparison of electrical conductivity, thermal conductivity and power factor with other
compounds (The lattice thermal conductivity of ZnGeAs2 is 11.7 (W/mK)[180], and lattice thermal
conductivity of ZnGeSb2 is assumed to be of the order of 10.0 (W/mK))
compounds σ(1/Ωm) κ (W/mK) P.F (W/mK2)
ZnGeSb2(τ=1×10−14 s) 8.5×1011 10.0 3×103
ZnGeSb2(τ=1×10−15 s) 8.5×1010 10.0 3×102
Bi2Se0.5Te2.5[217] 8.7×104 0.96 4×10−3
SnSe(c-axis)[251] 1×103 0.68 3.8×10−4
Sn0.93Mn0.04Te[219] 2×105 - 2×10−3
Hf0.75Zr0.25NiSn0.99Sb0.01[220] 1.5×105 4.5 50×10−4
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Chapter 4
Novel natural super lattice
materials with low thermal
conductivity for thermoelectric
applications
The present chapter deals with the electronic structure, mechanical and TE properties of few super-
lattice materials, which possess high thermopower values together with the probability of low thermal
conductivity. The investigated compounds BaXFCh (X: Cu, Ag, Ch: S, Se, Te), LaXSO (X: Cu,
Ag) and SrCuTeF crystallize in tetragonal structure with space group P4/nmm. The possibility of
low thermal conductivity is predicted from the obtained elastic constants and from Slack’s model
and Cahill’s model. Electronic structure properties of the investigated series reveal the quasi two
dimensional nature in the valence band, and this is confirmed through effective mass calculations.
The significant difference in effective mass along different crystallographic directions in valence band
introduces an anisotropy in the transport properties, where the properties along ’a’ axis is found to
be more favourable for hole doping. The magnitude of thermopower of these compounds are highly
comparable with other established TE materials. Further we have extended our analysis to decouple
the relaxation time through the parameter ’A’ (S2σ/τT/ κe/τ), which further helps to predict the
TE properties better, and the investigated compounds possess higher value of ’A’ parameter than
the other well established materials.
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4.1 Introduction
As we have discussed in the introduction, the structural complexity might play a vital role in de-
ciding the TE properties of materials, and in this chapter we have chosen a series of compounds
which have inherent hetero-layer type structure, and are known as superlattice structures. Diverse
methods have been adapted to enhance the efficiency of a TE material, and these methods pre-
dominantly focus either on increasing the power-factor or aim at suppressing the lattice thermal
conductivity. Superlattice/heterostructures creation is one of the emerging techniques which can
elevate the performance. In the early stages of research itself, attention towards two dimensional
quantum well structures for TE properties were significant[223]. There would be increased number of
controlling parameters to tune the value of ZT compared to normal bulk structures, which includes
the thickness of these structures. Superlattice of multi layers helps to strengthen the TE properties
since the charge carriers are more confined in one plane[223]. In general the phonon scattering would
be higher in these multi-layer materials, where scattering from the interface of two layers also con-
tribute, thereby reducing the lattice thermal conductivity[223]. In addition to this, the thermopower
value for these systems are found to be higher, which further attracts the researchers. The origin
of the high thermopower is discussed in one of the early study by Kuroki, and they explained that
the peculiar band model referred as ”pudding-mold” which contain the mixture of highly flat and
dispersed band[224], could be the reason for the same. In spite of having these advantages of low
thermal conductivity and huge thermopower, the attraction towards hetero-layer TE system is very
less due to practical difficulties. The lattice mismatch (the lattice parameters of the constituent sys-
tems should comparable) and reproducibility in general, constrain the production. The realization
of materials which possess inherent hetero-layer/superlattice structures could resolve the practical
issues and the search of novel materials in this direction becomes highly demanding. A study on
NaxCoO2 revealed the potential TE property [225], which mainly emerged due to two dimensional
electronic structure [226]. Electron doped FeAs2 revealed the huge Seebeck coefficient due to quasi
one dimensional band structure[227]. There are several types of layered materials which are explored
and are always interesting to examine. The diverse properties of these materials are decided by the
bonding within the layers and the bonding between two layers and specifically the weak bonding
nature between two layers of the system introduce dimensional reduction. The high temperature
superconductivity in La based layered material is one of the example[228]. Later on, this approach
is generalized as new chemistry for zintl-phase compounds, which involves construction of crystal
structures out of, charge compensating layers, specifically a stable cationic layer, e.g. SrF or LaO,
and an anionic functional layer, e.g. FeAs, to make compounds like LaFeAsO [228] or SrFeAsF [229].
A Coulombic interaction can be found between these two adjacent layers. The hetero-layered ’1111’
type compounds have attracted attention due to various properties, like ionic conductivity, moderate
temperature super conductivity and many more[230, 228]. The compounds such as BiCuSeO[231],
SrAgSF[232] have drawn attention due to potential TE properties. Here in this chapter, we present
the investigation on ’1111’ type of compounds to explore the possible TE applications. An ideal
TE material for device application should have, high mechanical strength, high melting point, high
Seebeck coefficient, high electrical conductivity and low thermal conductivity. From this point of
view, we have done an extensive study on this present compounds, which reveals the mechanical,
electronic and transport properties of zintl-type compounds BaCuChF (Ch=S, Se, Te), BaAgFCh
(Ch= S, Se, Te), SrCuTeF, LaCuSO, LaAgSO.
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Figure 4.1: Crystal structure of investigated compounds
(a) (b)
Figure 4.2: (a)Charge density plots of BaFAgS and BaFCuS along [100] plane. Yellow colour surface
shows the charge flow.
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(a) (b)
Figure 4.3: (a)Electron localization function of BaFAgS and BaCuFS along [100] plane. ELF value
is high for red and low for blue colour in the diagram
4.2 Computational details
The electronic band structures were calculated by means of full-potential linear augmented plane
wave (FP-LAPW) method based on first-principles density functional theory as implemented in the
WIEN2k code.[233] The structural optimisation was carried out to compute the ground state prop-
erties within the generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE)
potential,[234] using the experimental parameters with an energy convergence of 10−6 Ry per for-
mula unit. The traditional exchange-correlation potential of LDA or GGA schemes underestimate
the band gaps of semiconductors, and we have used the modified GGA known as the Tran-Blaha
modified Becke-Johnson[165] potential (TB-mBJ) [235]. For k-space integrations a 12×12×5 k-mesh
was used. The self-consistent calculations included spin-orbit coupling. The carrier concentration
(p for holes and n for electrons) and temperature (T ) dependent TE properties like thermopower,
electrical conductivity were calculated using the BoltzTraP[236] code, within the Rigid Band Ap-
proximation (RBA)[170, 171] and the constant scattering time (τ) approximation (CSTA). In the
RBA, the band structure is assumed unaffected by doping, which only leads to a shift of the chemical
potential. For semiconductors, it is a good approximation for the calculation of transport properties,
when the doping level is not too high.[171, 172, 237, 238, 239, 240] In CSTA, the scattering time of
electrons is assumed to be independent of the electron energy. A detailed discussion of the CSTA is
given in Refs. [241],[242] and [243], and references therein. The phonon dispersion of investigated
compounds was calculated using pseudo potential method as implemented in Quantum espresso
program[244]. Electron localization function (ELF) is calculated using VASP[245].
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Table 4.1: Ground state properties of BaXChF (X: Cu, Ag; Ch: S, Se, Te), SrCuTeF, LaCuSO and
LaAgSO with GGA functional along with the available experimental and other theoretical results
compounds a(A˚)(present) a(A˚)(Expa) c(A˚)(present) c(A˚)(Expa) Gap(eV)(PBE) Gap(eV)(TB-mBJ)
BaCuSF 4.23 4.123 9.14 9.0327 1.6 2.24
BaCuSeF 4.25 4.239 9.18 9.1217 1.44 2.06
BaCuTeF 4.43 4.4297 9.36 9.3706 0.99 1.52
BaAgSF 4.33 4.24 9.23 9.30 1.44 2.65
BaAgSeF 4.39 4.34 9.57 9.40 1.262 2.36
BaAgTeF 4.58 - 9.75 - 1.56 2.43
SrCuTeF 4.27 4.2474 9.39 9.2003 1.18 2.06
LaCuSO 3.87 3.9962 8.52 8.5174 1.6 2.27
LaAgSO 3.92 4.050 8.99 9.039 1.32 2.33
a[254]; b[255]; c[256]
Table 4.2: Calculated bond lengths of all the investigated compounds
Compounds A-F(O)(A˚) X-Ch(A˚) F-Ba-F(deg) Ch-X-Ch(deg)
BaCuSF 2.63 2.44 67.26 106.73
BaCuFSe 2.65 2.55 69.07 107.77
BaCuTeF 2.65 2.69 72.38 108.89
BaFAgS 2.67 2.71 69.97 111.07
BaFAgSe 2.69 2.79 70.43 112.53
BaFAgTe 2.72 2.92 72.87 112.8
LaCuOS 2.36 2.42 73.49 108.67
LaAgOS 2.35 2.51 72.06 113.24
SrCuTeF 2.53 2.7 73.15 111.93
4.3 Results and discussions
4.3.1 Structural properties
Alternative layers of conducting X2Ch2 (X: Cu Ag, Ch: S, Se, Te) and insulating Ba2F2 segments
results in the robustness of the investigated compounds. The crystal structure is provided in Figure
4.1, and all system possess tetragonal structure. The computed lattice parameters agree well with
the experimental values as seen in Table 4.1. The computed bond lengths and bond angles of all
the investigated compounds can provide more insight into the structural properties, and the same is
presented in Table 4.2. For BaCuSF, the bond length of Cu-S bond is comparable with the sum of
the radius of these two atoms, implying ionic character of this bond, whereas Ba-F bond is observed
to be less ionic in character, and the trend is similar for BaCuSeF and BaCuTeF. Among these three
compounds, Cu-Te bond in BaCuTeF is found to be more ionic. In the case of BaFAgS, Ag-S bond
is found to be of higher ionic character compared to Ba-F bond, and the same trend is followed
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down the column from S to Te in periodic table. While comparing BaCuSF and BaAgSF, it is
observed that all bond lengths are higher for BaFAgS, and same trend is observed for Se and Te
based compounds. In addition to this, Ba-Cu distances in BaCuChF compounds are lesser than Ba-
Ag distances in BaAgFS compounds, which might be due to the weak bonding nature of Ag in these
compounds, and this is further discussed in the upcoming section. Estimation of bond angle will help
us to understand the bond distortions, and are represented in Table 4.2. It is found that in BaCuSF,
the bond angle of Ba-F bond is more tetragonally distorted compared to Cu-S bond, where ideal
tetragonal bond is 109.5o, and Cu-S bond angle has almost same angle as tetragonal. Bond angles
for Ba-F, and X-Ch are found to increase from S to Te, and compared to Cu compounds Ag based
compounds have higher bond angle for all the bonds as seen in Table 4.2. The more distorted bonds
may lead to soft lattice and introduce more anharmonicity in lattice thermal conductivity[246].
Table 4.3: Calculated effective mass for all the investigated compounds in the unit of electron mass.
Effective mass (me) BaCuSF BaCuSeF BaCuTeF
VB CB VB CB VB CB
mz 30.78 1.85 39.61 1.53 32.88 0.96
mx 5.29 0.68 4.50 0.59 3.48 0.58
Effective mass (me) SrCuTeF LaCuSO LaAgSO
VB CB VB CB VB CB
mz 30.78 1.85 39.61 1.53 32.88 0.96
mx 5.29 0.68 4.50 0.59 3.48 0.58
Effective mass (me) BaFAgS BaFAgSe BaFAgTe
VB CB VB CB VB CB
mz 28.91 0.75 21.97 1.10 13.5 1.26
mx 2.90 1.42 6.02 0.54 3.7 0.64
Further we have examined the charge flow in these compounds, and for this we have presented
the charge density of two compounds BaCuFS and BaFAgS along [100] plane (See Figure 4.2). The
charge flow in ’xy’ plane is found to be higher compared to the charge flow along ’z’ direction, and
this might lead to a significant anisotropy in the physical properties. For further analysis, we have
calculated the electron localization function (ELF) for the investigated compounds and in Figure 4.3
we have shown the ELF for BaFAgS and BaCuFS. ELF can help to identify the chemistry of bonds,
and a value close to unity indicate the more covalent nature. In Figure 4.3, we could see that Ba,
S, and F atoms shows this (see the red colour), but around Ag/Cu atoms we found very less ELF
value, which indicate the weak Ag/Cu bonds in this series. Our results are in line with the previous
results for prototype compounds[246].
Moving to electronic structure, we have calculated the band structure using TB-mBJ functional
to predict the better band gap values of the investigated compounds. In Table 4.1, we have given
the band gap using both PBE and TB-mBJ functionals, and from this it is quite clear that the
PBE functional underestimate the band gap, and further calculations are performed using TB-mBJ
functional only. Figure 4.4 represent the band structure of all the investigated compounds. The
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Figure 4.4: Calculated band structure for all the investigated compounds, a) BaCuFS, b) BaCuFSe,
c) BaCuFTe, d) BaFAgS, e) BaAgFSe, f) BaAgFTe, g) LaCuOS, h) LaAgOS, i) SrCuFTe
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Figure 4.5: Calculated density of states of all the investigated compounds, a) BaCuFCh (Ch: S, Se,
Te), b) BaAgFCh (Ch: S, Se, Te), c)LaCuOS, LaAgOS and SrFCuTe
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earlier study on these compounds revealed the role of spin-orbit coupling[247], and our calculations
also considered the effect of spin-orbit coupling. As we discussed earlier, the investigated compounds
crystallize in the tetragonal structure, the high symmetry Γ − X direction indicates the crystallo-
graphic ’ab’ plane and Γ−Z direction indicates the ’c’ axis of the tetragonal crystal structure. The
band gap values are found to decrease down the column in periodic table except for BaFAgTe. All
the compounds fall in the range of wide band gap semiconductors. The band structure investigation
of this ’1111’ type compounds are quite interesting because of the highly anisotropic character, and
this causes dimensional reduction in these compounds. From the band structure, we can clearly see
that along the high-symmetry directions Γ − Z, R − X, M − A, bands are completely flat, which
indicate the heavy mass carriers, whereas the dispersive band along Γ −X and Γ − A indicate the
lighter band mass carriers. The inherent nature of the combination of highly flat and dispersed band
may lead to the quasi two dimensional structure, which is highly recommended for thermoelectric
applications. The prototype compounds have already emerged as good thermoelectric materials
[232]
The huge difference in the calculated effective mass confirm the quasi two dimensional nature
in the band structure and the values are given in Table 4.3. For further analysis, we have plotted
the density of states, which is given in Figure 4.5. In the case of BaCuChF compounds, Cu-d states
are dominating in valence band, whereas in conduction band we can see the mixture of Ba-d and
Cu-s states. For SrCuTeF, the Cu states are more dominant in valence band, and Sr and Cu states
are prominent in conduction band. For LaCuSO, Cu states are significant in valence band, whereas
La states are dominating in the conduction band. For LaAgSO, we can see a strong hybridisation
of Ag and S states in valence band, whereas in conduction band La states are dominating. In the
case of BaFAgCh, in valence band Ag and Ch states are dominating and in the conduction band
we can see the combination of Ba, Ag and Ch states. Overall for all the compounds, the quasi two
dimensional bands present in the upper valence band is derived from Cu or Ag ’d’ states. Compared
to valence band, the states are more hybridised in the conduction band, which may lead to enhanced
conduction for electron doping compared to hole doping. In the next section, we have discussed the
thermoelectric properties of the investigated compounds.
4.3.2 Thermoelectric properties
To predict the TE properties of a material, we need to have the knowledge of the value of ther-
mopower, electrical conductivity and thermal conductivity of the compound. Here using the combi-
nation of DFT and Boltzmann transport theory, we have calculated thermopower, electrical conduc-
tivity and power-factor of all the compounds, for temperatures ranging between 300 K - 900 K, and
for carrier concentration range between 1 × 1018cm−3 to 1 × 1021cm−3. The discussion regarding
the range of thermal conductivity has been taken up separately. Calculated TE properties of all
the investigated compounds as a function of both hole and electron concentrations at different tem-
peratures are represented in Figure 4.6 to Figure 4.14. A decremental behavior is observed in the
thermopower value as a function of carrier concentration for all the investigated compounds, which is
the usual trend in semiconductors. Further from the same figures, it is evident that the thermopower
values are increasing as function of temperature. The trend of thermopower for all the investigated
compounds are the same, and we have reported the range of magnitude of thermopower for both
holes and electrons for temperatures between 300 K- 900 K as represented in Figure. 4.15 for all the
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Figure 4.6: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentration for BaCuFS
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Figure 4.7: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentration for BaCuFSe
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Figure 4.8: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentration for BaCuFTe
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Figure 4.9: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentration for BaFAgS
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Figure 4.10: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentration for BaFAgSe
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Figure 4.11: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentration for BaFAgTe
75
1018 1019 1020 1021
 Hole Concentration (cm-3)
0
200
400
600
800
1000
S
 (µ
 
V
/K
)
a-700K
c-700K
a-900K
c-900K
(a)
1018 1019 1020 1021
Electron Concentration (cm-3)
-1000
-800
-600
-400
-200
0
S
 (µ
 
V
/K
)
a-700K
c-700K
a-900K
c-900K
(b)
1018 1019 1020 1021
Hole Concentration(cm-3) 
1014
1015
1016
1017
1018
1019
1020
1021
σ
/τ
 
(Ω
-
1
 
m
-
1
 
s
-
1
)
a-700K
c-700K
a-900K
c-900K
(c)
1018 1019 1020 1021
Electron Concentration(cm-3)
1014
1015
1016
1017
1018
1019
1020
1021
σ
/τ
 
(Ω
-
1
 
m
-
1
 
s
-
1
)
a-700K
c-700K
a-900K
c-900K
(d)
1018 1019 1020 1021
Hole Concentration(cm-3)
108
109
1010
1011
1012
1013
S
2
σ
/τ
 
(W
/m
K
2
s
)
a-700K
c-700K
a-900K
c-900K
(e)
1018 1019 1020 1021
Electron Concentration(cm-3)
108
109
1010
1011
1012
1013
1014
S
2
σ
/τ
 
(W
/m
K
2
s
)
a-700K
c-700K
a-900K
c-900K
(f)
Figure 4.12: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentration for LaCuSO
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Figure 4.13: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentration for LaAgSO
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Figure 4.14: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentration for SrCuTeF
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(a)
Figure 4.15: Calculated thermopower values of all the investigated compounds for temperature range
300 K to 900 K, and foe carrier concentrations ranging between 1× 1018 to 1× 1021 cm−3
investigated compounds. Thermopower for hole doping is found to be higher than electron doping for
all the cases, and this might be due to the presence of highly flat bands in valence band. Among the
investigated compounds, BaCuSF and BaFAgS are found to have maximum value of thermopower.
The quasi two dimensional nature in valence band introduce anisotropy in thermopower values for
holes along ’a’ and ’c’ axis.
The electrical conductivity for both the electron and hole concentration is calculated for all the
investigated compounds. All the studied compounds have almost similar behaviour and we have
represented the variation of electrical conductivity as a function of carrier concentration for the
temperature range of 300K to 900 K for all the investigated compounds. As we expected from the
band structure, the electrical conductivity for the holes is higher along the ’a’ axis compared to the
’c’ axis, due to the dispersion along the Γ − X being higher compared to that along Γ − Z. As
there is no great difference in the conduction band dispersion, we can find lesser anisotropy in the
case of electrons. We also found the electrical conductivity to be higher in case of electron doping
compared to hole doping which is approximately of two orders. The electrical conductivity is found
to increase as we move down the group from S to Te in all the compounds, which is expected.
In order to pick out the best compound among the investigated series, we have plotted the power
factor S2σ/τ in Figure 4.16. We can see a clear difference among the power factor along ’a’ and ’c’
directions from this figure. The power factor along the ’a’ directions is more dominating than ’c’
direction. The position of the peak in this transport function provides an upper bound on the possible
optimum doping level, and this is below ∼ 1021cm−3 holes for all investigated compounds. Among
the investigated compounds, the power factor of BaCuSeF is found to be higher for hole doping.
The present studied compounds have comparable value of thermopower and electrical conductivity
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Figure 4.16: Calculated power factor of all the investigated compounds
as that of the prototype compound SrAgSF[232], which is realized as a natural superlattice. The
figure of merit depends on thermopower, electrical conductivity, thermal conductivity and absolute
temperature. In our calculations, the value of electrical conductivity is coupled with the relaxation
time. Now let us examine the decoupling of relaxation time in order to comment more about
the figure of merit. For this purpose we are following the method proposed by Takeuchi[248] to
decompose ZT in two parts ’A’ and ’B’, where ’A’ is purely dependent on electronic part and ’B’
contains the lattice thermal conductivity part.
ZT= (S2σT/ κe+κl) = AB, A = (S
2σT/ κe),
B= 1/(1+κl/κe)
Since the value of ’B’ is less than unity, ’A’ can be considered as the maximum possible value
of ZT . The parameter ’A’ is defined as (S2σT/ κe). In our case both electrical conductivity and
electronic part of thermal conductivity are coupled with relaxation time, and by using this formula
we can decouple it. The range of ’A’ parameter for all investigated compounds are given in Figure
4.17. Since both electrical conductivity scaled by relaxation time and electronic part of thermal
conductivity scaled by relaxation time have anisotropy along ’a’ and ’c’ axis, there is no much
anisotropy observed in ’A’ parameter. Since the thermopower and electrical conductivity values are
good enough within the studied temperature range of 300K to 900K, the investigated compounds
find promising TE applications for a wide temperature range.
4.3.3 Lattice dynamics
Here we have examined the elastic properties and mechanical stability of the investigated compounds.
We start with the analysis of six elastic constants of the investigated compounds, and calculated
elastic constants are given in Table 4.4 to Table 4.6, which satisfy the Born criteria [250] for stability.
To understand the stiffness along different crystallographic directions, we have compared the elastic
constants along these directions. As we know for the tetragonal system, C11 and C22 will be same
(along ’a’ and ’b’ axis) and C33 is along ’c’ axis, and it is observed that C11 is higher than C33,
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Figure 4.17: Calculated ‘A’ parameter for a) BaCuSF, b) BaCuSeF, c) BaCuSTe, d) BaFAgS, e)
BaFAgSe, f) BaFAgTe, g) LaCuSO, h) LaAgSO, i) SrCuTeF
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which indicates that ’a’ axis is more stronger than c axis, which again is obvious from the bonding
itself, as the distance between Ba-Ch is higher compared to other bond lengths in the system, and
this may lead to easy compression along ’c’ axis. Further we have observed that magnitude of
elastic constants of Ag based compounds are lesser than Cu based compounds, and this indicate
the weak Ag bonding in these compounds, and the same we have observed in ELF calculations
also. In addition, the large shear modulus ((C11-C12)/2) in Cu based compounds indicate the higher
mechanical strength. The magnitude of C12 is further related with the bonding in ’x’ and ’y’ plane,
so the large value of C12 in Cu based compounds indicate the stronger bond in ’x’ and ’y’ plane of this
series compared to Ag based compounds, which was also obvious from the bond length calculations,
where we have observed the higher bond length for Ag based compounds compared to Cu based
compounds. From elastic constants, we have further calculated other mechanical properties like bulk
modulus, shear modulus etc, and are represented in Table 4.4 to Table 4.6, which indicate all the
compounds to be ductile materials. Bulk modulus is found to decrease from S to Te in both Cu
and Ag based compounds, and is observed that the range of bulk modulus is comparable with well
known prototype materials BiOCuSe [246], and SrAgChF [232]. We also found that the oxygen based
chalcogen have higher bulk modulus values compared to the fluro based chalcogens (see Table 4.4 to
Table 4.6). Longitudinal and transverse sound velocities are calculated and observed that for all the
compounds there is an anisotropy in these compounds. Further, calculated Debye temperature (see
Table 4.4 to Table 4.6) indicate the possibility of very low thermal conductivity in these investigated
compounds, and have almost comparable values with prototype materials. The Gru¨nesian parameter
relates the phonon frequencies and crystal volume, and by calculating this, we can comment about
the rate of anharmonicity in phonon conduction. Here we have calculated the average Gru¨nesian
parameter of investigated compounds and are given in Table 4.7, and from table it is clear that the
investigated compounds have Gru¨nesian parameter lesser than prototype material BiOCuSe, and
other TE material SnSe[251], which indicate the lesser anharmonicity in phonon conduction. In
this scenario, the prediction of lattice thermal conductivity from calculated Debye temperature and
Gru¨nesian parameter is worthy. One of the pioneering work regarding thermal conductivity by G.
A. Slack [252]has been adapted here to predict the thermal conductivity of investigated compounds.
The main assumption used here is that the heat is only conducted by acoustic phonons. The Slack’s
equation for thermal conductivity is
k = 3.1×10−6 (Mθ3 δ / γ2 n2/3 T ) in W m−1 K−1
where ‘M’ is average atomic mass in amu, ‘θ’ is Debye temperature in K, ‘δ 3’ is volume per atom
in A˚3, ’n’ is number of atoms in the primitive cell, γ is average Gru¨nesian parameter. Since the
contribution of optical modes of phonons towards thermal conductivity is lower compared to acoustic
phonons, this equation is worthy to be used for predicting the range of the thermal conductivity.
Calculated values of thermal conductivity of investigated compounds using Slack’s equation are
given in Table 4.7. From the table, it is quite clear that all the compounds possess very low
thermal conductivity. The exact value of thermal conductivity may differ from the calculated values
little bit because of the exclusion of anharmonic effects, which has be to verified further by future
studies. The low value of Debye temperature confirms the higher atomic mass and weak inter atomic
bonding, while the range of Gru¨nesian parameter indicate the moderate anharmonicity in these
compounds[252]. This confirms that the investigated compounds can emerge as good thermoelectric
materials which can be realized by future experimental studies. For further proof, we have used Cahill
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model[253] to find the range of minimum thermal conductivity in studied compounds. According to
Cahill model, the equation of minimum thermal conductivity is
kmin = kB/2.48 (n
2/3 (vl + 2vt)
where kB is the Boltzmann constant, n is the density of number of atoms per volume, vl and vt
are average longitudinal and transverse velocities. Calculated values of kmin are given in Table 4.4 to
Table 4.6. Further we have also related the anisotropy in lattice thermal conductivity values by using
Young’s modulus. Since lattice thermal conductivity is proportional to v3, and v is proportional to
Y (Yong’s modulus). We have estimated the anisotropy in lattice thermal conductivity in a crude
way by comparing with Young’s modulus along different axis.
Yc = C33 -(2C132C13/c11+c12)
Ya = ((C11-C12)(C11C13+C12C33- 2C13C13))/(C11C33-C13c13)
From our calculations it is observed that lattice thermal conductivity also possess anisotropy
along different crystallographic direction and found to be more along ’a’ axis than ’c’ axis.
For further analysis we have calculated the phonon dispersion of the investigated compounds.
The phonon dispersion relation of few compounds are presented in Figure 4.18 to understand the
behaviour of phonon modes, and the dynamical stability of the investigated compounds. The pos-
itive values of frequencies confirmed the dynamical stability of the investigated compounds. To
understand about the thermal conductivity, we have to examine the interaction between acoustic
and optical modes of the dispersion plots. We have observed that the optical branches intersect the
acoustic branches around 60 cm−1 for BaFAgS, around 65 cm−1 for BaCuFS, and around 81 cm−1
for LaCuOS. The trend indicate that for all investigated compounds, the interaction between low
frequency optical modes and acoustic modes are higher. We know that to reduce the lattice thermal
conductivity we need higher phonon scattering, which might be possible through the interaction
between acoustic and optical phonon modes. Further we can see the flat acoustic branches, which
again indicate the low thermal conductivity in these compounds. Here we would like to recall the
bonding and electronic structure analysis, where we have noticed that the highly quasi flat band
nature was derived from the X-Ch states. The remarkable structure of these family of compounds
showed a combination of high thermopower and low thermal conductivity, and further the electrical
conductivity can be enhanced by band engineering techniques, which eventually project this series
to be promising thermoelectric materials.
4.4 Conclusions
The electronic, mechanical and transport properties of BaXChF (X: Cu, Ag, Ch: S, Se, Te), LaXOS
and SrCuTuF were calculated using density functional theory. The calculations revealed the low
thermal conductivity in these compounds. The quasi two dimensional nature of band structure is
identified, and all the investigated compounds can be considered as natural super-lattice structures.
The calculated thermopower values are found to be higher for all the compounds. Huge anisotropy
is observed for electrical conductivity for hole doping, which again confirms the quasi two dimen-
sional nature in these compounds. The transport properties of all the investigated compounds are
comparable with the prototype material SrAgSF. The low value of Debye temperature and highly
interacting acoustic and optical phonon modes confirm the possibility of low thermal conductivity in
these compounds. The calculated ’A’ parameter have higher values than traditional TE materials.
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The emergence of high power factor and low thermal conductivity can site these compounds for
better TE applications.
Table 4.4: Calculated elastic constants of BaCuChF (Ch = S, Se, Te)
Parameters BaCuSF BaCuSeF BaCuTeF
C11 (GPa) 106.20 98.91 88.20
C33 (GPa) 98.40 99.91 53.05
C44 (GPa) 34.73 33.52 29.54
C66 (GPa) 17.94 17.75 17.27
C12 (GPa) 27.94 25.26 15.60
C13 (GPa) 45.73 42.22 29.76
Bulk Modulus(B) (GPa) 60.50 41.11 43.7
Vl(km/s) 4.28 3.99 3.43
Vt(km/s) 2.31 2.14 1.96
Vm (km/s) 2.58 2.39 2.18
θD (K) 286.67 260.57 228.03
kmin(W/mK) 0.43 0.38 0.29
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Figure 4.18: Calculated phonon dispersion of a) BaFAgS, b)BaCuSF, c) LaCuOS
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Table 4.5: Calculated elastic constants of BaAgChF (Ch = S, Se, Te)
Parameters BaAgSF BaAgSeF BaAgTeF
C11 (GPa) 106.20 98.91 88.20
C33 (GPa) 98.40 99.91 53.05
C44 (GPa) 34.73 33.52 29.54
C66 (GPa) 17.94 17.75 17.27
C12 (GPa) 27.94 25.26 15.60
C13 (GPa) 45.73 42.22 29.76
Bulk Modulus(B) (GPa) 60.50 41.11 43.7
Vl(km/s) 4.28 3.99 3.43
Vt(km/s) 2.31 2.14 1.96
Vm (km/s) 2.58 2.39 2.18
θD (K) 286.67 260.57 228.03
kmin(W/mK) 0.43 0.38 0.29
Table 4.6: Calculated elastic constants of LaCuSO, LaAgSO and SrCuTeF
Parameters SrCuTeF LaCuSO LaAgSO
C11 (GPa) 94.45 216.58 215.51
C33 (GPa) 60.69 104.61 101.08
C44 (GPa) 27.48 44.56 35.94
C66 (GPa) 18.40 57.04 64.21
C12 (GPa) 17.61 80.71 57.12
C13 (GPa) 32.68 66.04 57.18
Bulk Modulus(B) (GPa) 45.42 92.34 85.42
Vl(km/s) 3.74 5.05 4.76
Vt(km/s) 1.92 2.57 2.47
Vm (km/s) 2.15 2.88 2.74
θD (K) 230.80 341.48 315.41
kmin(W/mK) 0.29 - 0.51
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Table 4.7: Calculated Gru¨nesian parameter and lattice thermal conductivity at 300 K of all com-
pounds
Compounds γ k (W m−1 K−1)
BaFAgS 1.97 1.84
BaFAgSe 1.82 2.05
BaFAgTe 2.26 0.79
BaCuSF 1.74 3.469
BaCuSeF 1.73 3.27
BaFCuTe 1.53 3.23
LaCuOS 1.94 4.31
LaOAgS 1.87 4.4
SrCuTeF 1.91 1.7
88
Chapter 5
Evidence of strong topological
insulating nature in CaSrX (X: Si,
Ge, Sn, Pb) together with
potential thermoelectric properties
The present chapter deals with a detailed electronic structure calculation, which reveals the strong
topological insulating nature of series of compounds CaSrX (X: Si, Ge, Sn, Pb), together with striking
TE properties. The electronic structure of all the compounds are studied as a function of uni-axial
strain and an emergence of Dirac semi-metallic states has been observed in CaSrX (X: Si, Ge, Sn,
Pb), which is induced by uni-axial strain along ‘b’ axis. CaSrSi and CaSrGe evolved as normal
semiconductor with uni-axial strain, and remaining compounds are found to preserve metallic states
within the studied strain range. Since the investigated compounds preserve time reversal symmetry
and inversion symmetry, the trivial and non-trivial topological phases are evaluated by band inversion
and Z2 topological invariants. An unusual thermopower oscillation has been observed at these Dirac
semi-metallic states. Further the TE properties at strong topological insulating state and normal
insulating state have been summarized, which reveals the potential TE properties of these materials.
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5.1 Introduction
As mentioned in the introduction part, the evolution of research on TE materials recently is inclined
towards several quantum states of matter such as topological insulators, topological semi-metals,
Dirac materials, etc. It has been noticed that, a large quantity of the TE materials are having topo-
logical non-trivial states either at ambient or with some external perturbations, and transition metal
chalcogenides, Bi2Te3 family, PbTe family and many more fall in this category[154, 257, 258, 209].
The co-existence of TE (thermoelectric) and TI (Topological insulator) properties in materials were
examined previously, and was proposed that small band gap, and complex band profile near the
Fermi level could be fruitful for both the properties[259, 147]. First principles calculations have
successfully predicted significant number of thermoelectric and topological materials[260, 261, 262].
Both TE and TI materials are vastly in demand, where TE materials permit the conversion of waste
heat to electricity and TI materials can be useful for quantum computing. The capability of TE
material has been quantified using figure of merit (ZT ), which is a dimensionless quantity, and the
detailed discussion has already been presented in the introductory chapter. In the case of topological
insulators, the band inversion, topologically invariant parameter such as chern number, Z2 topolog-
ical invariant, and exotic surface states need to be analyzed for better understanding. Both TE and
TI properties can be tuned by the prominent tool such as strain/pressure, and there are literatures
which report that several compounds have turned from trivial to non-trivial states and vice versa
as function of strain/pressure, which projects the significance of these calculations[263, 264]. It is
understood that the iso-structural topological transitions are possible by closing and opening of the
band gap, and the transition states are interesting due to the presence of Dirac/weyl semi-metallic
state. Understanding of electronic structure in these states is worth investigating, and here we would
like to examine the same. Usually thermopower is considered as a parameter for thermoelectric en-
ergy conversion, and in addition, several literatures have explored the thermopower to understand
the response of the system at some exotic states [265, 266, 267, 268]. The fluctuation of ther-
mopower as a function of temperature has been analysed by Yong Lu et. al., and they explored the
possibility of thermopower fluctuation above superconducting transition temperature[267]. Later,
the thermopower fluctuations in the presence of magnetic filed has been connected to quantum
oscillations[269]. In the recent past, the thermopower fluctuations as a function of chemical po-
tential/ carrier concentrations has been observed and studies proposed the same to be possible for
quantum oscillation in thermopower in the absence of magnetic field, and the Fermi surface topology
change or strain can very well play a major role in these materials[270, 271]. From this point of
view, the role of Dirac semi-metallic state, and disconnected Fermi arcs, and the relation with the
thermopower fluctuation will be very interesting, and here we would like to examine the thermo-
electric response at the transition stage from a non-trivial insulator to trivial insulator. For this
purpose, we have analysed four zintl phase compound, which in general shows good thermoelectric
properties. Zintl phase compounds are well recognized for possessing complex crystal structure, and
are having inherent property which are helpful for TE applications [272, 273]. Significant number of
zintl phase compounds fall under narrow band gap semiconductors. The huge difference in electro-
negativities among the constituent elements, make these compounds more rich in chemistry. The
main attraction towards these compounds is that, they generally possess high melting point and low
thermal conductivity. Zintl phase compounds mostly consists of alkali, alkaline earth metals with
the combination of post transition metal group elements (such as pnictides and chalcogenides). One
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(a)
Figure 5.1: Crystal structure of investigated compounds
of the prototype compound SrLiAs has been investigated[272], and reported as good thermoelectric
material with very low thermal conductivity. The present investigated compounds are less explored,
and here we wish to analyse the electronic structure, topological and thermoelectric properties of
orthorhombic zintl phase compounds at ambient and as a function of strain.
Table 5.1: Ground state properties of CaSrX (X: Si, Ge, Sn, Pb)
parameter CaSrSi CaSrGe CaSrSn CaSrPb
a(A˚) 7.99 8.05 8.35 8.42
aexp(A˚) 8.108 8.124 8.421 8.509
b(A˚) 4.88 4.93 4.92 5.13
bexp(A˚) 4.944 4.949 5.168 5.189
c(A˚) 9.18 9.24 9.71 9.79
cexp(A˚) 9.170 9.184 9.685 9.740
Eg(eV(with GGA)) 0.37 0.40 0.27 0.09
Eg(eV(with TB-mBj)) 0.64 0.713 0.561 0.49
Eg(previous)[279](eV (with GGA)) 0.331 0.326 0.252 0.029
5.2 Computational details
The structural optimization and phonon dispersion were calculated using Plane Wave self consistent
field (Pwscf) program[274], which is based on pseudo potential method. Further calculations were
carried out using optimized lattice parameters. We have performed the electronic structure calcu-
lations by using Wien2k package [162, 163], which is based on FP-LAPW (full potential linearised
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augmented plane wave) method. The improved band gap of investigated compounds was achieved
using Tran-Blaha modified Becke-Johnson (TB-mBJ) functional[165, 166], since the exchange corre-
lation functional such as local density approximation (LDA) and generalized gradient approximation
(GGA) underestimate the band gap of semiconductors and insulators. The spin orbit effect is in-
corporated using second variational method in present calculations. The k-point mesh of 8×14×7
in the full Brillouin zone was used to study the electronic properties. The BoltzTraP code[169] was
used to extract the thermoelectric coefficients including thermopower, electrical conductivity with
dense k-mesh. The rigid band approximation (RBA) [170, 171, 172] and the constant scattering time
approximation (CSTA), are incorporated in BoltzTraP code[169], and several materials have been
successfully predicted using the same[173, 174, 175, 236, 177]. The parity analysis was performed
using VASP, and all the occupied bands are taken into account for the same. Topological surface
states have been calculated by combining Wien2k and Wannier90 package. Well converged Wien2k
outputs are used as inputs to Wannier90 and Wannier-tools were used to plot the spectral functions
[275, 276]. The strain calculations were performed by changing the lattice parameters, and atomic
positions of each strained state were optimized.
5.3 Results and discussions
5.3.1 Properties at ambient conditions
The structure of the studied compounds is given in Figure 5.1, and these compounds crystallize in
orthorhombic structure with space group Pnma in the form CaSrX (X: Si, Ge, Sn, Pb). Computed
ground state properties of all the studied materials are reported in Table 5.1, which indicate the
compatibility between the present values and other reported theory and experimental values. In order
to examine the electronic structure properties in detail, we have calculated the band structure with
several exchange correlation functionals such as GGA and TB-mBJ, together with inclusion of spin
orbit coupling. From the analysis, we have observed that spin orbit effect is negligible in the studied
compounds. Band gaps of all the compounds are reported in Table 5.1, and all the compounds show
semiconducting nature. The band structure calculated along different high symmetry directions for
all the investigated compounds are presented in Figure 5.2. For CaSrSi, we have represented the
band structure by combining two cases, with spin-orbit coupling and without spin-orbit coupling
(see red dot and black solid lines in Figure 5.2(a)), and from the figure, it is evident that spin-orbit
effect is very minimum in this compound. The band profile of all the compounds is almost similar,
and band gap is found to decrease from CaSrSi to CaSrPb. A direct band gap is observed at Γ
high symmetry point. Along all crystallographic directions, ‘a’,‘b’, ‘c’, the bands are observed to be
dispersive in the valence band, with dispersion being little higher along ‘b’ axis. A similar scenario
can be observed in conduction band. A flat band is observed along R-S high symmetry direction
in valence band in all the compounds. A thorough investigation of the band structure of these
compounds reveal a highly linearised Dirac like band profile along Γ - Y direction in conduction
band. Figure 5.3 represents the projected band structure, which confirms the domination of Si-p
states near valence band and a competing Si-p and Sr-d states in the conduction band. Figure 5.4
presents the total density of states of all the compounds and partial density of states of CaSrSi, which
also indicate similar contributions from Si-p and Sr-d states near Fermi level. The calculated elastic
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Figure 5.2: Band structure of investigated compounds, a) CaSrSi with and without inclusion of spin
orbit coupling, solid lines represent band structure with spin orbit coupling and red dots represent
the band structure without spin-orbit coupling, b) CaSrGe, c) CaSrSn d) CaSrPb with spin orbit
coupling
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Figure 5.3: Projected band structure of CaSrSi, black circle represents Si-p states and red circle
represents Sr-d states
constants of all the investigated compound are presented in Table 5.2. The born stability criteria is
found to be satisfied for all the compounds, confirming the mechanical stability of these compounds.
The elastic constants are comparable with iso-structural materials. In Table 5.2 we have reported
the bulk modulus and Debye temperature of all the investigated compounds. The magnitude of
Debye temperature is observed to decrease from Si to Pb, and the range of the same indicate the
probability of low thermal conductivity. Further the phonon dispersion plot of CaSrSi and CaSrGe
are presented in Figure 5.5. The less dispersed phonon modes indicate the probability of lesser
thermal conductivity in these materials. The range of frequency, where the acoustic and optical
phonon modes interact is found to be decreased from CaSrSi to CaSrGe, and the corresponding
frequencies are 70 cm−1 to 50 cm−1, implying the low thermal conductivity in these compounds,
which is appropriate for TE applications. A unique band profile along Γ -Y direction encourage
us to examine the electronic structure in detail, and we have analysied the topological behavior
of these studied compounds. All the investigated compounds are invariant under time reversal
symmetry, and the topological character of the same can be connected with Z2 topological invariant.
Moreover, the system possesses inversion symmetry and the corresponding space group also fall into
non-symmorphic crystalline group. As the consequence of the coexistence of time reversal symmetry
and inversion symmetry, Z2 topological invariant can be connected to the parity of bands in each
TRIM point (time reversal invariant momentum) in the Brillouin zone. Here we have to consider
the case of three dimensional system, in which the system possess 8 TRIM points, which are (0,0,0),
(0.5,0,0), (0.0, 0.5,0.0), (0.0, 0.0, 0.5), (0.5, 0.5, 0.0), (0.5, 0.0, 0.5), (0.0, 0.5, 0.5), and (0.5, 0.5,
0.5). For this purpose we have adapted the method suggested by Liang Fu and Charles L. Kane
[277]. The equation for Z2 topological invariant is, (-1)
ν =
∏
γi
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Figure 5.4: a) Total density of states of all the compounds, b)Total and partial density of states of
CaSrSi
, where γi are parities of each band. Computed Z2 topological invariants of all the compounds are
represented in Table 5.3. Due to the semiconducting nature of the studied compounds, we have
considered all the occupied bands for the calculations, and we have found that at Γ point, parity
is -1 and at all the other points the value is +1, and lead to a non zero value for Z2 parameter. A
strong topological character has been observed in all the investigated compounds. Further we have
calculated the surface states for all the compounds and presented in figure 5.6. Well linearized Dirac
cone like surface bands is observed around Γ high symmetry point, which again confirm the strong
topological nature in this compound. In the next paragraph we try to understand the TE properties
of these compounds.
Thermopower, electrical conductivity and power-factor as a function of carrier concentrations at
different temperatures are studied for all the compounds. Figure 5.7 to 5.10 represent the TE proper-
ties of CaSrSi, CaSrGe, CaSrSn and CaSrPb as a function of both hole and electron concentrations at
different temperatures. The difference in band dispersion along different crystallographic directions
are reflected in thermopower. Around 300 K, thermopower along ’a’-axis has secured the highest
value than ’c’-axis value, which is followed by ’b’-axis value. When we move to higher temperature,
the difference between ’a’-axis and ’c’-axis values are reducing, and ’b’-axis value remains the lowest.
Around 700 K onwards, bi-polar conduction has been observed for low concentration range. Coming
to electron doping, the thermopower values are more isotropic and bipolar conduction is observed
similar to that of holes. The magnitude of thermopower for electron doping is lesser than the same
for hole doping. Figure 5.7 (c,d) present the electrical conductivity for CaSrSi for both holes and
electrons at different temperatures. At around 300 K, conductivity along ’b’-axis is found to be
more, and ’c’ -axis has the lowest value. Up to 700 K the trend is same, and around 900 K at low
concentrations, the conductivity is found to be invariant as a function of carrier concentration, and
for higher concentration it varies linearly. In the case of electron doping, for all temperatures the
b-axis value is higher, and other two axes values are found to be almost same. Figure 5.8 (c,d),
5.9 (c,d) and 5.10 (c,d) reported the electrical conductivity values for CaSrGe, CaSrSn and CaSrPb
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Figure 5.5: a) Calculated phonon dispersion plot for all the investigated compounds a)CaSrSi,
b)CaSrGe, c)CaSrSn, d)CaSrPb
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respectively. Power factor of CaSrSi is presented in Figure 5.7 (e,f). For hole doping, significant
difference is observed between each crystallographic directions, and ’b’-axis is found to have high-
est value. But for electron doping, we could see little anisotropic character, where b -axis value
is higher than ’a’ and ’c’ axes. Since all the investigated compounds show bipolar conduction at
higher temperatures, we have presented the magnitude of thermopower over a temperature range
of 100 K to 500 K around the carrier concentration of 1018 cm−3 for all the compounds in Figure
5.11. From the figure it is quite evident that, all the investigated compounds posses appreciable
value of thermopower over the temperature range of 100 K to 500 K. Electrical conductivity and
power-factor of other compounds are also found to show similar behaviour as that of CaSrSi, as seen
from figures 5.8 to 5.9.
Table 5.2: Calculated Elastic constants of CaSrX (X: Si, Ge, Sn, Pb)
Parameter CaSrSi CaSrGe CaSrSn CaSrPb
C11(GPa) 68.72 64.58 57.17 53.98
C22(GPa) 77.23 74.64 66.35 61.99
C33(GPa) 73.52 69.37 62.19 59.15
C44(GPa) 35.23 34.02 29.69 28.27
C55(GPa) 28.98 27.89 23.54 22.06
C66(GPa) 34.11 32.58 28.10 26.33
C12(GPa) 19.85 19.01 17.52 16.94
C13(GPa) 19.24 17.83 15.44 14.39
C23(GPa) 22.53 20.23 19.16 17.38
DebyeT(K) 340.79 295.44 253.82 212.41
Table 5.3: Calculated Z2 topological invariants of CaSrX (X: Si, Ge, Sn, Pb) at ambient
CaSrSi CaSrGe CaSrSn CaSrPb
ν0 1 1 1 1
ν1 0 0 0 0
ν2 1 1 1 1
ν3 0 0 0 0
As we mentioned earlier, the figure of merit is an important parameter for thermoelectric materi-
als. The magnitude of power-factor for all the compounds at 300 K around the concentration range
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Figure 5.6: a) Calculated surface band structure for all the compounds along (110) surface a)CaSrSi,
b)CaSrGe, c)CaSrSn, d)CaSrPb
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Figure 5.7: Calculated TE properties for CaSrSi at different temperatures (a)thermopower as a
function of hole concentration, (b) thermopower as a function of electron concentration, c) electrical
conductivity as a function of hole concentration, d) electrical conductivity as a function of electron
concentration, e) power factor as a function of hole concentration, f) power factor as a function of
electron concentration.
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Figure 5.8: Calculated TE properties for CaSrGe at different temperatures (a)thermopower as a
function of hole concentration, (b) thermopower as a function of electron concentration, c) electrical
conductivity as a function of hole concentration, d) electrical conductivity as a function of electron
concentration, e) power factor as a function of hole concentration, f) power factor as a function of
electron concentration.
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Figure 5.9: Calculated TE properties for CaSrSn at different temperatures (a)thermopower as a
function of hole concentration, (b) thermopower as a function of electron concentration, c) electrical
conductivity as a function of hole concentration, d) electrical conductivity as a function of electron
concentration, e) power factor as a function of hole concentration, f) power factor as a function of
electron concentration.
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Figure 5.10: Calculated TE properties for CaSrPb at different temperatures (a)thermopower as a
function of hole concentration, (b) thermopower as a function of electron concentration, c) electrical
conductivity as a function of hole concentration, d) electrical conductivity as a function of electron
concentration, e) power factor as a function of hole concentration, f) power factor as a function of
electron concentration.
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(a)
Figure 5.11: Magnitude of thermopower for both holes and electrons over the temperature range
100 K - 500 K for all the compounds, blue colour represents hole thermopower, red colour represents
electron thermopower
1019 cm−3 is around 1×1011, which is appreciable. Another vital parameter is the thermal conduc-
tivity, and here we have calculated the minimum lattice thermal conductivity of all the compounds
using Cahill’s model[278]. Calculated minimum thermal conductivity for CaSrSi, CaSrGe, CaSrSn
and CaSrPb are 0.328, 0.258, 0.222 and 0.192 W/mK respectively. From our earlier discussions, we
have mentioned that the low value of Debye temperature and flat phonon bands might lead to low
thermal conductivity. Further we have assumed the relaxation time as 10−14 s, and calculated the
range of figure merit for all the compounds at 300 K. Calculated value of figure of merit at 300 K
for CaSrSi, CaSrGe, CaSrSn and CaSrPn are 1.34, 1.5, 1.48 and 1.68 respectively. Altogether the
present study reveals the topologically non-trivial states and presented noticeable thermoelectric
properties of all the investigated compound at ambient. Subsequently we have analyzed the effect
of strain, which is presented in the upcoming section.
5.3.2 Effect of strain
Topological insulators are in general very responsive to external perturbations such as strain/pressure.
Here, we have examined the impact of the strain on electronic structure and transport properties
of the investigated compounds. Firstly, we have examined the effect of hydrostatic strain, where
the percentage of strain along each crystallographic direction is same. The band gap of the studied
compounds is found to reduce with compressive strain and increase with tensile strain, where the
band profile is found to be preserved. On the other hand, we have observed that the uni-axial
strain has drastically changed the band profile of all the studied compounds. Among the three axes,
the uni-axial strain applied along ’b’ axis is found to have more impact on the electronic structure
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and hence on transport properties of the investigated compounds. Starting the discussion with the
compressive strain on CaSrSi, a drastic change has been observed in the band profile of CaSrSi.
Figure 5.12 (a,b,c,d) represent the band structure along the high symmetry direction T- Γ- Y and
U- Γ- X at different compressive strains, The band gap is found to be decreased and closed around
10% strain and then opens again around 12% strain. Here Γ is the centre of the BZ, T is in ’yz’
plane (0.0, 0.5, 0.5), Y is along ’y’ axis (0.0, 0.5, 0), then the first path T- Γ- Y in ’YZ’ plane.
Likewise U point is lying in ’xz’ plane (0.5, 0, 0.5), and X is along ’x’-axis, and the second path is
in ’XZ’ plane. As we mentioned earlier the band gap is found to be reduced and band profile has
been changed. Let us discuss the case from 6% compressive strain onwards. The ambient and 6%
strain are almost same and around 8% strain onwards, the bands gets more linearised and then at
10% strain , highly linearized band is observed. Around 12% strain, the linear dispersive nature
has vanished, and a double well kind of band profile along Γ- Y is seen. On the other hand, the
high symmetric direction U- Γ- X preserved a parabolic nature as a function of compressive strain
and around 10% strain, the conduction and valence band touch each other and then open the band
gap around 11% strain. From these analysis we could see that, the band dispersion along YZ plane
and ZX plane is completely different. The closing and opening of band gap nature motivate us to
verify the Z2 topological invariant in these strained state. Our calculations suggest that CaSrSi
is converting to a normal insulator through b -axis uni-axial compressive strain, where the parity
at Γ point has flipped to +1, which give a zero Z2 value . The projected band structure clearly
shows that, the band flipping is happening between Sr-d ans Si -p states (see figure 5.12(e)), which
further provides the confirmation for the transformation from a strong topological insulating state
to a normal insulating state. Similar behaviour we have observed in CaSrGe also, where the band
closing is found around 11% compressive strain, and the band structure of the same is given in figure.
5.13. The remaining compounds CaSrSn and CaSrPb preserve their non-trivial states up to 15% ’b’
axial compressive strain. For further strain, these compounds also might show the similar behaviour.
With uni-axial tensile strain along ’b’ axis, the band gap is found to increase. For compressive strain
(uni-axial strain along ’b’ axis) around 10 % strain, the band gap is found to be closed and the sys-
tem turned to a semi-metallic state, and the Fermi surface formed in this state is very interesting
(See the Figure 5.12(d)). Extremely small arc has been observed in ’XZ’ plane, which is due to the
parabolic bands present there. This small arc like Fermi surface further provide the information
about the dimensional reduction in the system. It has to be noted that the uni-axial strain along
the other two axes are also studied, where we could not observe any interesting properties within
the applied strain. For further strain, these directions also might show similar trend.
In the previous section, we have discussed the changes in electronic structure with respect to
strain along different direction. Further, we have analysed the TE properties of investigated com-
pounds as a function of hydrostatic and uni-axial strain along different directions. The thermopower
for CaSrSi as a function of carrier concentration at different hydrostatic strains is presented in Figure
5.14 (a,b). The magnitude of thermopower is found to be reduced with compressive strain and found
to be increased with tensile strain. In the case of electrical conductivity, we can see reverse trend,
and for electron doping we can see the anisotropy in electrical conductivity (See Figure 5.14 (c,d)).
In Figure 5.15(a), we have shown the thermopower variation as a function of ’b’ axis strain. From
the electronic structure, we could see that, CaSrSi transfer to a semi-metallic state around 10%
compressive strain, and in that state the thermopower is found to be very low. For further strain
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Figure 5.12: a) Band structure of CaSrSi at 10% compressive strain along ‘b’ axis in T-Γ -Y direction,
b) Band structure of CaSrSi at 10% compressive strain along ‘b’ axis in U-Γ -X direction, c) Band
structure of CaSrSi at 12% compressive strain along ‘b’ axis in T-Γ -Y direction, d) Band structure
of CaSrSi at 12% compressive strain along ’b’ axis in U-Γ -X direction, e) ‘p’ and ‘d’ projected band
structure at 10% strain, f) Fermi surface of CaSrSi at 10% compressive strain
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Figure 5.13: Calculated band structure of CaSrGe at 11% compressive strain
around 12%, the thermopower values are found to increase again, which is according to the band
opening in this state. For tensile strain, the magnitude of thermopower is found to be comparable
with ambient value , and anisotropy in thermopower is found to be reduced. Electrical conduc-
tivity for compressive strain along ’b’ axis is found to enhance the magnitude of anisotropy in the
system (See Figure 5.15(b)). Above 9.5% strain, the system is found to possess huge anisotropy,
where conductivity values along ’b’ axes is found to be 2 order higher than ’a’ and ’c’ axes. This
indicate a quasi two dimensional nature in the system. As we discussed in the previous sections,
the compressive strained state along ’b’ axis (around 10%) has shown several interesting phenomena
for CaSrSi. In this state, the system turned to be a metallic, with remarkable electronic structure,
which include a highly Dirac cone like band structure along Γ- Y direction, and parabolic bands
along the perpendicular plane. The huge difference in the band dispersion along these directions,
which is induced by strain is the main reason for peculiar transport properties at this state. We
have observed a highly interesting transport responses at these strained state around 10% at low
temperatures within the range of 50 K to 150 K along ’b’ axis. Here the nature of thermopower
along ’a’ and ’c’ axes are found to be quite normal, and the ’b’ axes thermopower shows a highly
oscillating variation as a function of chemical potential/carrier concentrations, which is represented
in Figure 5.15(c). The small disconnected arc like Fermi surface also support this behaviour. This
strained state is the transition state between a strong topological insulator to a normal insulator.
As we mentioned in the introduction part, the thermopower fluctuation can originate from several
ways with or without magnetic filed[265, 266, 267, 268]. One vital point here is that, at this strained
state, system is almost two dimensional, which again gives strong insight to our observation, where
these kind of quantum fluctuations in physical quantities can be expected. In the case of CaSrGe
also, we could see similar behaviour, which is presented in Figure 5.15(e).
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Figure 5.14: Calculated TE properties of CaSrSi at hydrostatic strains a) Variation of thermopower
as a function of hole concentration at different hydrostatic strains, b) Variation of thermopower as a
function of electron concentration at different hydrostatic strains ,c) Variation of electrical conduc-
tivity as a function hole concentration at different strains, d)Variation of electrical conductivity as
a function electron concentration at different strains(circle, square and diamond symbols represent
‘a’, ‘b’ and ‘c’ axes respectively)
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Figure 5.15: a) Variation of thermopower as a function of hole concentration for different strains, b)
Variation of electrical conductivity as a function of hole concentration for different strains (circle,
square and diamond symbols represent ‘a’, ‘b’ and ‘c’ axes respectively), c) Thermopower variation
as a function of chemical potential for CaSrSi at 10% compressive strain along ‘b’ axis at different
temperatures d) Thermopower variation as a function of chemical potential for different crystal-
lographic directions for CaSrSi at 10% compressive strain at 100 K e) Thermopower variation as
a function of chemical potential for CaSrGe at 11% compressive strain along ‘b’ axis at different
temperatures
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5.4 Conclusions
A systematic analysis of electronic, topological and transport properties were presented, and iden-
tified the studied materials as topological insulators at ambient conditions. The potential TE prop-
erties were also presented for the investigated compounds. The application of strain in these system
gave insight to several interesting phenomena, which include the formation of Dirac semi-metallic
state, and enhanced 2D nature, which opens up wide range of applications for the investigated
compounds.
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Chapter 6
Giant thermopower in p-type
OsX2, and layer independent TE
properties of ReS2
The current chapter deals with the electronic and thermoelectric properties of few transition metal
dichalcogenides, which are less investigated. We have chosen pyrite type OsX2 (X: S, Se, Te) and
triclinic ReX2 (X: S, Se) for the current study. To begin with, we report the electronic structure
and thermoelectric (TE) properties of OsX2 (X: S, Se, Te), and find a giant value of thermopower
around 600 µV K−1 to 800 µV K−1 for a wide temperature range of 100K - 500K for hole doping (at
1018cm−3), which is higher than the value found for well established TE materials. The optimized
structural parameters are in good agreement with available experimental reports. The mechanical
stability of OsX2 (X: S, Se, Te) is confirmed from the computed elastic constants. The band gap of
the investigated compounds is examined by several exchange correlation functionals, and TB-mBJ
with modified parameters is found to be the best for OsX2. The heavy valence bands stimulates the
thermopower value for hole doping and light conduction bands intensifies the electrical conductivity
values for electron doping, enabling both ‘n’ and ‘p’ type doping to be favourable for TE applications
at higher concentrations (1020cm−3), which brings out the device application. Study on OsX2 unveils
the possibility of TE applications for all the examined compounds for a wide temperature range (100
K to 500 K), and OsS2 specifically is quite exceptional with the operating temperature ranging from
100 K - 900 K. Further, we have examined the electronic and thermoelectric properties of ReX2
(X: S, Se) and revealed the potential thermoelectric properties. Further we have extended the study
in ReS2 by two ways, one is cleaving to free standing monolayer and bilayer and the other is the
application of hydrostatic/uni-axial strain. From our study we could show that, ReS2 is a highly
versatile system, which transforms from a semiconductor to a two dimensional metal under uni-
axial compressive strain along ‘a’ direction in both bulk and monolayer. The 2D nature is realized
from highly flat Fermi surfaces and anisotropic transport properties. Moreover the layer independent
electronic structure properties are revisited and thermoelectric properties of ReS2 in bulk, monolayer
and bilayer forms reveal the competing thermoelectric (TE) coefficients in each form. The in-plane
power-factor (‘a’ and ‘b’ axes) shows an enhancement over ‘c’ axis value as a function of strain,
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which is almost two orders of magnitude. In addition, strain induced tunable in-plane anisotropy of
almost one order has been observed in both bulk and monolayer ReS2 (around 20% strain), which
further open up the possibility of TE application as nanowires. Our analysis unveils a wide range
of application for ReS2 in the field of thermoelectrics as bulk and thin films for a large temperature
range. The magnitude of TE coefficients are comparable with other well established transition metal
dichalocogenides.
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6.1 Introduction
Transition metal chalcogenides and pnictides possess diverse structural, electronic properties, and
stand in the forefront of various applications[280, 281, 282, 283]. A huge structural varieties can be
observed in this family which include layered and non-layered materials with diverse space groups,
and among them van der Waals layered structure such as MoS2 and pyrite FeS2 type structures
are attractive with several properties[284, 285]. The structural and chemical properties of these
two series are well investigated. The 2D like materials are quite attractive because of their nano-
level applications[286, 287], and significant number of compounds from pyrite/marcasite family have
been investigated for their electronic, optical, thermoelectric and photovoltaic applications[288, 289].
Moreover, pyrite to marcasite structural transitions are also observed under pressure in several ma-
terials like FeS2[290]. However, Os based dichalcogenides and dipnictides are less investigated in
comparison with other transition metal dichalcogenides (TMD). Crystal structure and Raman spec-
tra of Os based dichalcogenides has been examined in the very early stage, where they confirmed the
pyrite structure, whereas, Os based dipnictides are found to crystallize in marcasite structure[291].
The band gap of both Os based dichalcogenides and dipnictides matches with the semiconduct-
ing range, and this indicate the possibility of photovoltaic and thermoelectric applications in these
compounds. Conventional TMD materials, in general, host a mixture of flat and dispersed bands,
which further help for thermoelectric energy conversion. Yet another point to mention is that,
OsS2 (Erlichmanite) is a well known naturally occurring compound, and fall into platinum group
minerals. Other pyrite type dichalcogenides like FeS2 are already realized as a good thermoelectric
materials[292], but Os based compounds are less investigated in this family. Since OsX2 (X: S, Se,
Te) are iso-structural with pyrite FeS2, we believe that OsX2 (X: S, Se, Te) can be explored further
for thermoelectric properties. ReS2 is one of the transition metal dichalcogenides which stands out
with very peculiar properties, and has drawn adequate attention in the recent past. Unlike the other
layered transition metal dichalcogenides, ReS2 crystallizes in triclinic space group. Recent study
reveals that the interaction between layers in ReS2 is negligible implying that the monolayer of ReS2
might have similar electronic properties as that of bulk, enabling ReS2 to be the highlight in the last
decade[293]. Pressure and strain are the robust tools which can modify the structure and electronic
properties of materials, and transition metal dichalcogenides showed considerable response to strain
and pressure[294, 295, 296], leading to metallization at high pressure, direct to indirect band gap
transitions etc. Optical and electronic properties are also explored for both bulk and layered ReS2
[297], and this compound has found application in field effect transistors[298, 299]. The inherent
structural anisotropy of ReS2 has further shown an influential response towards pressure and strain,
resulting in tuning of in-plane, and through plane anisotropy in several physical properties like re-
sistivity, charge mobility etc, and significant number of studies are dedicated to understand this
especially for monolayer ReS2[300, 301, 302, 303, 304]. Though plethora of literatures are available
exploring ReS2 in several directions, studies addressing the physical properties and its anisotropic
behaviour along different crystallographic directions of ReS2 (where the out of plane component
does not represent the other crystallographic direction as the symmetry is triclinic) are less investi-
gated, and one of the earlier study has reported the anisotropy in resistivity along ‘b’ and ‘c’ axes
experimentally, and it is worthy to analyse these properties in detail. In addition, studies related
to pressure induced structural transitions and metallization are also reported[305]. Here we would
like to explore the effect of uni-axial strain on bulk and few layers of ReS2 using first principles
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(a)
Figure 6.1: Crystal structure of OsX2 (X: S, Se, Te).
calculations. The well studied TMD like MoS2 is already explored for straintronic applications[306],
and we expect ReS2 to be yet another prospective compound.
6.2 Computational details
For structural optimization of OsX2, we have used pseudo potential method as implemented in Plane
Wave self consistent field (Pwscf) program[274], with a plane wave cut-off 140 Ry and convergent
criteria of 10−5 Ry per formula unit has been used for energy minimization. The optimized lat-
tice parameters are used for further calculations. We have used full potential linearised augmented
plane wave (FP-LAPW) method as implemented in Wien2k package [162, 163] to understand the
electronic structure properties. To obtain the proper band gap for OsX2, we have used Tran-Blaha
modified Becke-Johnson (TB-mBJ) functional[165, 166] with modified parameters[307]. Due to the
presence of heavy elements in the investigated compounds, we have included spin orbit coupling in
our calculations. For total energy calculations, band structures and density of states, we have used
1000 k-points in the full Brillouin zone. Transport coefficients such as thermopower and electrical
conductivity were calculated using BoltzTraP code[169] with a dense k- mesh of 50×50×50 k-points.
We have used the experimental structure parameters for ReS2 and performed a complete geometry
optimization and phonon dispersion using VASP[245, 308]. Since ReS2 possess a layered structure,
we have included van der Waals correction using Tkatchenko -Scheﬄer method[309]. Further elec-
tronic structure properties like band structure, Fermi surface etc were calculated using full potential
linearised augmented plane wave (FP-LAPW) method as implemented in WIEN2k package. Dif-
ferent layered structures of ReS2 were cleaved from the bulk material, and vacuum convergence are
performed for each layered structure with a k-mesh of 10×10×9 for bulk and 12×12×3 for layers.
The applied vacuum for monolayer and bilayer structures is around 15 angstroms. We have per-
formed super cell calculation to ensure that the properties remain unchanged, and, have continued
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Figure 6.2: Calculated band structure for (a) OsS2, (b) OsSe2, (c) OsTe2
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Figure 6.3: Calculated total and partial density of states of all the compounds a) OsS2, b) OsSe2,
c) OsTe2
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with 4 Re and 8 S atom unit cell only. Presence of heavy elements in the investigated compounds
warrants the inclusion of spin orbit coupling in our calculations. Transport coefficients were calcu-
lated using BoltzTraP code with a dense k-mesh of the order of 32×36×25 k-points resulting in 14402
k-points in irreducible Brillouin zone. Hydrostatic/uni-axial strain calculations were performed by
changing the lattice parameters and we have optimized the atomic position for each strained state.
To understand the Fermi surface nesting in the strained state of ReS2, we have calculated the real
and imaginary part of Lindhard function by using Wien2k outputs.
6.3 Results and discussions
6.3.1 Structural and electronic properties of OsX2 (X: S, Se, Te)
The investigated compounds OsX2 (X: S, Se, Te) crystallize in pyrite structure with space group
Pa3¯, as shown in Figure 6.1. Bond lengths and angles of OsX2 are analysed for all the compounds,
and are given in Table 6.1. The bond length between ’Os’ and ’X’ (X: S, Se, Te) are found to
increase from OsS2 to OsTe2, and both, bond lengths and bond angles are found to be higher than
the prototype compound FeS2[310]. The observed incremental nature in the bond length from OsS2
to OsTe2 might eventually reduce the interaction between atoms and lead to lesser value of Debye
temperature [311], and further provide the possibility of reduced thermal conductivity value. The
optimized lattice parameters along with available experimental reports are represented in Table 6.2,
and from the table it is clear that optimized values are in good agreement with experimental values,
and for further calculations we have used the optimized lattice parameters. Coming to electronic
structure analysis, the computed band gap using different functionals are provided in Table 6.3, and
band structure along different high symmetry directions using TB-mBJ with modified parameter
are presented in Figure 6.2. All the investigated compounds are found to be direct band gap
semiconductors with almost similar band profile, and comparable with other prototype compounds.
A close analysis of the band structure of OsS2 reveals, the existence of flat and dispersed bands near
Fermi level, and more flat bands are observed near valence band maximum compared to the vicinity
of conduction band minimum, which might indicate higher value of thermopower for hole doping,
and higher value of electrical conductivity for electron doping. Furthermore, the number of bands
near the valence band maximum is higher than that near the conduction band minimum, and this
introduces more number of bands within small energy range and will contribute for thermopower,
which again gives a hint of favourable thermopower for hole doping. It is worthy to compare the band
profile of these pyrite structure with other TMDs. In the case of MoS2, FeS2 and Os based pnictides,
both valence and conduction bands are found to be similar, and expected to have complementing
transport properties. But in the compounds of present study, the band profile of valence and
conduction bands are entirely different, and one might expect dissimilar transport properties. This
significant difference in the band profile might lead to interesting TE properties of these investigated
compounds, and will be discussed in the later section. From the band structure, it is clear that in
valence band, along Γ-X, the bands are almost flat, and along R-M the band is dispersive, whereas
in the conduction band, the band is highly dispersive along Γ-X, and less dispersive along R-M. The
dispersive nature is found to increase from S to Te. This indicates the presence of heavy and light
mass carriers in the band structure, which is helpful for thermoelectric properties, where heavy band
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Figure 6.4: Variation of thermopower as a function of carrier concentration for all the investigated
compounds at different temperatures (a, b) OsS2 (c,d) OsSe2, (e,f) OsTe2
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Figure 6.5: Variation of electrical conductivity as a function of carrier concentration for all the
investigated compounds at different temperatures (a,b) OsS2 , (c, d) OsSe2, (e,f) OsTe2
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Figure 6.6: Variation of power factor as a function of carrier concentrations for all the compounds
at different temperatures (a,b) OsS2 , (c,d) OsSe2, (e, f) OsTe2
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Figure 6.7: Thermopower and electrical conductivity as a function of temperatures for OsS2 a) ther-
mopower b) electrical conductivity at concentration around 1018cm−3 , c) thermopower d) electrical
conductivity at concentration around 1019cm−3
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(a)
Figure 6.8: Comparison of thermopower value with other compounds, OsX2 (X: S, Se, Te), FeS2[314],
Bi2Te3[148], OsSb2, OsAs2[291]
mass will contribute for thermopower and light band mass will contribute for electrical conductivity.
To understand the dominant states near the Fermi level, we have investigated the total and partial
density of states. In Figure 6.3, we have represented the density of states of all the investigated
compounds. In the case of OsS2, valence band states near Fermi level, are dominated by Os, and
in conduction band, we can see a hybridisation of Os and S states. While moving from S to Te,
we can see the contribution of anion increasing in valence band near Fermi level. Compared to
conduction band, we can see a steep increment in density of states in valence band near Fermi level,
and this indicates the dominating thermopower nature for hole doping. The extended hybridisation
in the conduction band near Fermi level reveals the possibility of enhanced electrical conductivity for
electron doped case compared to hole doped case. To confirm the presence of light and heavy band
mass in the band structure, we have examined the effective mass in the unit of electron mass along Γ-
X for both valence and conduction band, and are given in Table 6.4. From the table it is evident that
there exist, one order of magnitude difference in the values between valence and conduction band,
which is in line with our band dispersion. In the present compounds, the valence bands are found
to be very flat and conduction bands are little dispersed, whereas in other marcasite compounds
the band dispersion and hence magnitude of effective mass is almost same for both valence and
conduction bands.
To check the mechanical stability of these compounds, we have calculated the elastic constants,
and the same is represented in Table 6.5. All the elastic constants for all the compounds are found to
be positive and found to satisfy Born elastic stability criteria[312], and this confirms the mechanical
stability of these compounds. The C11 value of all the compounds are found to be higher than
both C12 and C44, which indicate the strong resistance for axial compression compared to shear
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compressions[313]. In addition, bulk modulus, longitudinal velocity, transverse velocity and Debye
temperature are given in Table 6.5. The values of elastic constants are found to be higher in OsSe2
compared to other two compounds. The bulk modulus of all the investigated compounds are found
to be comparable with prototype compounds such as FeS2 and ‘Os’ based pnictides. Further, the
value of Debye temperature of the investigated compounds are found to be lesser than the prototype
compound FeS2[314], indicating the thermal conductivity to be lower in these compounds[315] than
FeS2.
6.3.2 Thermoelectric properties of OsX2 (X: S, Se, Te)
In this section, we have analyzed the thermoelectric properties such as thermopower, electrical
conductivity and power factor as a function of carrier concentrations and temperatures. Figure 6.4(a-
f) represents the thermopower as a function of carrier concentrations for both holes and electrons for
all the investigated compounds at different temperatures. As anticipated from the band structure,
the hole carriers are found to secure higher magnitude of thermopower for all the investigated
compounds. A thermopower around 600 µV K−1 has been observed at 100 K for hole concentration
around 1018cm−3 for all the investigated compounds, which is huge compared to well established TE
materials. In the case of OsS2, the variation of thermopower as a function of both holes and electrons
are found to be decreased with increasing carrier concentration. A maximum value of 820 µV K−1
is found around 600 K for hole doping. In the case of electrons, the magnitude of thermopower is
found to be around 200 µV K−1 to 400 µV K−1 for temperatures ranging between 100 K to 600 K,
which is also appreciable. Coming to OsSe2, the trend of thermopower is found to be similar except
for the presence of bipolar conduction around 500 K[316, 317]. OsTe2 also showed similar behaviour
as that of other compounds. Moving to the electrical conductivity values, Figures 6.5(a-f) represent
the electrical conductivity for hole and electron doping for all the investigated compounds. The
extremely dispersed bands in the conduction bands provided a favourable conductivity for electron
doping over hole doping with almost one order difference in magnitude. This trend is found to be
similar for all the compounds. The magnitude of electrical conductivity is found to be increased
with carrier concentration. The difference in band profile of valence and conduction bands are
reflected in both thermopower and electrical conductivity value for both hole and electron doping.
As our attention is towards the net thermoelectric efficiency, we need to look at the parameter
called power factor, and the same is given in Figure 6.6(a-f). The enhanced electrical conductivity
for electron doping leads to enhanced power factor values for electron doping over hole doping for all
the investigated compounds at lower concentrations. The vital point is that at higher concentrations
around 1020cm−3 and temperature around 600 K, both hole and electron doping secured almost
similar value of power-factor, which might lead to device applications.
As discussed in the introduction, it is demanding to explore the TE materials for wide tem-
perature range. In general, the carrier concentrations ranging from 1×1018cm−3 to 1×1021cm−3
are considerable, and now let us have a close analysis of the transport properties for the allowed
range of carrier concentration. In the first part of this section, we point out the presence of bipo-
lar conduction above 600 K for OsS2, and for the other two compounds its starts at little lower
temperatures itself. Now let us take the case of OsS2, where the thermopower has reduced due to
bipolar conduction only at low carrier concentrations around 1×1018cm−3, and for higher concen-
trations the thermopower values are appreciable. We have examined the thermopower and electrical
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conductivity of OsS2 at around 2.3×1019cm−3 for a wide temperature range from 100 K - 900 K,
and provided the same in Figure 6.7. For the whole temperature range, holes secured higher value
of thermopower and electrons were found to possess higher value of conductivity. From the figures
(Figure 6.8 and Figure 6.7) it is quite evident that, OsS2 might turn to be a potential TE material
for a wide temperature range. Figure 6.8, represent the comparison plot of OsX2 (X: S, Se, Te)
with other TE materials, and from the figure it is evident that the investigated compounds possess
higher value of thermopower at 100 K and comparable value at room temperature and above.
Huge value of thermopower around 100 K is found with a reasonable electrical conductivity for
hole doping in all the investigated compounds. The power factor value of hole doping is found to
increase as a function of carrier concentration and reach a magnitude of around 1011 (in W/m K2
s) at higher concentrations of 1020cm−3, which is comparable with established TE materials. If one
can enhance the electrical conductivity, by preserving thermopower, through chemical doping, all
the investigated compounds might be promising TE material.
Table 6.1: Calculated bond length and bond angle in OsX2 (X: S, Se, Te)
paramaters OsS2 OsSe2 OsTe2
d(Os-X)(A˚) 2.39 2.50 2.70
d(Os-Os)(A˚) 4.02 4.25 4.61
(Os-X-Os)(deg) 115.26 116.61 117.30
Table 6.2: Ground state properties of OsX2 (X: S, Se, Te)
paramaters OsS2 OsSe2 OsTe2
apre(A˚) 5.68 6.02 6.53
aexp(A˚) 5.6196[318] 5.946[319] 6.397[320]
Table 6.3: Calculated band gaps (in eV) of OsX2 (X: S, Se, Te)
method OsS2 OsSe2 OsTe2
GGA 0.21 0 0
TB−mBJ 0.5 0.02 0
TB−mBJwith parameter 0.98 0.41 0.53
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Table 6.4: Calculated effective masses (in the unit of electron mass) of OsX2 along different high
symmetry directions
Directions OsS2 OsSe2 OsTe2
VB (valence band)
Γ-X 6.03 5.76 4.53
CB (conduction band)
Γ-X 0.36 0.32 0.37
Table 6.5: Calculated elastic constants of OsX2 (X: S, Se,Te)
parameters OsS2 OsSe2 OsTe2
C11(GPa) 449.653 481.477 426.226
C12(GPa) 55.650 57.936 36.464
C44(GPa) 107.321 143.651 151.963
B (GPa) 186.98 199.11 166.38
Vl (in Km/s) 6.33 6.31 6.05
Vt (in Km/s) 3.85 3.98 3.97
θ (in K) 511.54 496.14 454.652
6.3.3 Structural properties of ReX2(X: S, Se)
The compounds ReS2 and ReSe2 crystallize in distorted triclinic structure[321, 324] with space
group P1¯, which is exceptional in TMD. One of the recent study on ReS2 has reported a structural
transition of the compound at around 0.1 GPa, and named the ambient one as distorted 3R and
the transformed structure as distorted 1T structure[305]. From our analysis, we have observed
the energy difference between these two structures to be negligibly small and one can conclude
these to be competing structures, and in this scenario, we have proceeded with calculation using
3R structure which is experimentally reported. The details of the experimental crystal structure,
together with present optimized values for both the compounds are given in Table 6.6. The weak
interlayer bonding of these compound is well known[293] and we have optimized the structure by
adding the van der Waals correction. The cleaved monolayer and bilayer structure also preserve
triclinic structure. The two ‘Re’ chains in the crystal structure generate an anisotropy in several
physical properties[325, 326]. The schematic crystal structure of the investigated compounds is
presented in Figure 6.9. In the next part, we have discussed the electronic structure of ReX2 (X: S,
Se).
6.3.4 Electronic structure and thermoelectric properties of ReX2 (X: S,
Se) in bulk and layered forms of ReS2
Computed electronic structure of ReX2 (X: S, Se) is presented in Figure 6.10. Several previous
studies[293, 327, 328, 329, 330, 331] on ReS2 investigated the nature of band gap in this compound,
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(a)
Figure 6.9: Crystal structure of ReX2 (X: S, Se) (green colour represent ‘Re’ and yellow colour
represent ‘X’ )
which are contradicting. Among them, few studies proposed indirect band gap of ReS2[331, 327]
from experiment. Very recent study by Echeverry and Gerber theoretically predicted direct band
gap in ReS2 using GW method, and our present study is in good agreement with the same[330]. We
have observed a direct band gap nature for bulk ReS2 with a band gap around 1.2 eV. For ReSe2
also we could see a direct band gap. The band dispersion along different crystallographic directions
is found to be different. The overall band profile of these compouds are comparable with other
celebrated transition metal dichalcogenids. Figure 6.11 shows the total and partial density of states
of these compounds. Dominating Re ‘d’ states in both valence and conduction band is evident from
the density of states plots. Re and X(X: S, Se) ‘s’, ‘p’ states are found to have similar contributions
in both valence and conduction band. In general TMDs are well known for high thermopower[332],
and in these compound also, we can observe flat bands aligned in both valence and conduction
bands, which might contribute to thermopower. The varying effective mass values in the unit
of electron mass along different crystallographic directions, again projects the inherent anisotropy
present in the system (see Table 6.7). Further we have analyzed the thermoelectric coefficients
such as thermopower, electrical conductivity and power factor for ReX2(X: S, Te). Similar to the
other TMDs, the thermopower value of ReX2 is found to be appreciable. In Figure 6.12 we have
summarized the thermoelectric properties of ReS2 as a function of both hole and electron doping.
Figure 6.12 (a,b) represent the thermopower value for hole and electron doping and from the figure
it is clear that magnitude of thermopower for hole doping is enhanced over electron doping by very
less value, and this might be due to the similar band dispersion in both valence and conduction
bands. Magnitude of thermopower is found to be decreased with increasing carrier concentration for
both holes and electrons. Small anisotropy along different crystallographic directions are observed,
in accordance with band dispersion anisotropy. For hole doping, the thermopower value along ‘a’
axis is found to be little higher than the other two, and for electron doping ‘c’ direction values are
found to be slightly enhanced. Maximum thermopower for hole doping is found to be 600 µV K−1
and for electrons the same is found to be around 540 µV K−1 , which is comparable with well-
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Table 6.6: Calculated ground state properties of bulk and monolayer ReS2
Compound a(A˚) b(A˚) c(A˚)
ReS2-Bulk(with vdW) present 6.31 6.53 6.46
ReS2-Bulk (without vdW)present 6.41 6.52 7.00
ReS2-Bulkexp[321] 6.45 6.39 6.4
ReS2-Bulkexp[322] 6.417 5.510 5.461
ReS2-Mono-layerpresent 6.31 6.49 21.34
ReSe2 6.63 6.60 6.77
ReSe2 (exp)[323] 6.716 6.602 6.728
Table 6.7: Calculated effective mass (in the unit of electron mass) for ReX2
Compound Γ-X Γ-Y Γ -Z
ReS2 1.92 1.5 2.18
ReSe2 1.8 1.2 2.02
established MoSe2 and WSe2, where the ‘S’ value are found to be 590 µV K
−1 and 580 µV K−1
respectively[334]. In the case of electrical conductivity, we can observe a significant anisotropy
between the crystallographic directions, and basal plane values secured the maximum for both holes
and electrons, which projects the inherent quasi two dimensional nature, and the magnitude of
electrical conductivity for electrons is found to be more than holes. From the power-factor values,
it is clearly seen that both holes and electrons are beneficial with electron possessing slightly higher
value, and the range of power factor is not very far from well-established TMD based TE materials.
The thermoelectric coefficients are found to be promising for a wide range of temperature in the case
of ReS2. In a similar way, we have calculated the thermoelectric properties of ReSe2 and represent
the same in Figure 6.13. In line with ReS2, the magnitude of thermopower is found to decrease with
carrier concentration and Figure 6.13 (a,b) show the variation at different temperatures. Almost
similar values are observed for hole and electron doping and at higher temperature around 900 K,
we have observed bipolar conduction in the low concentration range (around 1018cm−3). Coming
to electrical conductivity of ReSe2, the anisotropy along different crystallographic direction is found
to be lesser compared to the case of ReS2. Overall the magnitude power factor of ReSe2 also show
appreciable values thereby indicating the potential TE applications.
After analyzing the electronic and thermoelectric properties at ambient conditions, we have
further extended our study to improve the thermoelectric properties. For this purpose we have
chosen ReS2, and cleaved into monolayer and bilayer structure. Figure 6.14(a) reveals the band
structure for monolayer ReS2, which is similar to bulk band structure with slightly higher band gap
compared to bulk. The band gap of monolayer ReS2 is observed around 1.42 eV. It is to be noted
that in other TMDs band gap nature is found to be different from bulk to monolayer[333]. A close
analysis of the band structures of bulk and monolayer form shows that, there is a slight change in
the band dispersion along X and Y high symmetry points, and these small layer dependent nature
has been reported in the previous study also[330].
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Figure 6.10: Calculated band structure of a) ReS2 b) ReSe2 using TB-mBJ functional
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Figure 6.11: Calculated total and partial density of states a) ReS2 b) ReSe2 using TB-mBJ functional
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Now let us analyse the bilayer band structure (see Figure 6.14(b)), which is also almost identical
to bulk and monolayer, with a direct band gap of 1.36 eV. We would also like to mention here that
this small layer dependence is not significantly reflected in the thermoelectric properties from our
calculations.
Since electronic structure properties are same for both bulk and layered forms for ReS2, we can
expect the same to be reflected in transport properties also. Figure 6.15(a,c) shows the thermopower
of monolayer and bilayer, and the magnitude of thermopower is found to be little enhanced in
monolayer, than the bulk, but the trend is found to be the same for both monolayer and bilayer.
In the case of electrical conductivity (see Figure 6.15 (b,d)), we could see similar behaviour as
bulk. Altogether, the thermoelectric properties of bulk and layered forms are found to be similar,
implying the layer independent transport properties of ReS2. Further we were inquisitive to improve
the transport properties, and we have applied uni-axial compressive strain along ‘a’ on bulk and
monolayer ReS2. The upcoming section deals with the effect of uni-axial strain on electronic structure
and TE properties.
6.3.5 Effect of uni-axial strain in bulk and monolayer form of ReS2
As discussed earlier, a systematic analysis of electronic and TE properties are performed under the
application of uni-axial compression strain along ’a’ direction, which covers up to a wide range of
20% lattice variation. The percentage of uni-axial strain is defined as ((a−a0)/a0))×100. The basic
strain tensor for three dimensional system isǫ(11) ǫ(12) ǫ(13)ǫ(21) ǫ(22) ǫ(23)
ǫ(31) ǫ(32) ǫ(33)

where ǫ(ii) are strain along ith direction, and ǫ(ij) is shear strain.
One of the recent study on ReS2 has revealed the pressure effects on the electronic structure
resulting in metallization at high pressure around 70 GPa, and the same inspired us to investigate
the effect of uni-axial strain on ReS2. First let us analyse the case of bulk ReS2. The band gap is
found to decrease and the band gap nature is found to turn from direct to indirect as a function
of compressive strain along ‘a’ direction (See Figure 6.16(b)). An appreciable amount of change
is observed in band dispersion along different crystallographic directions as a function of ‘a’ -axis
compressive strain, which eventually is reflected in the anisotropic nature of transport properties.
The band structure at different strained states are given in Figure 6.16 (a,b). At around 5 % strain,
the compound is almost quasi two dimensional, where the Γ - X and Γ - Y band dispersions are very
similar and along Γ - Z, we could see highly flat bands. For further strain around 10%, the scenario is
changed completely, where we could see a significant difference in band dispersion within the plane
and between basal plane and ‘c’ axis. Around 16 % strain, the system metallizes and the band
structures at 16% strained state together with the one at ambient are represented in Figure 6.17(a).
From the figure it is evident that, apart from metallization the band profile of the compound is
drastically changed. At strained state, the dispersion along Γ - X is found to be very high compared
to other two directions, which might induce a huge anisotropy in the system resulting in dimension
reduction. The calculated effective mass along different crystallographic direction further provide
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Figure 6.12: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentrations for ReS2
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Figure 6.13: Calculated thermopower, electrical conductivity and power factor as a function of hole
and electron concentrations for ReSe2
130
Γ   X    Y Γ    
-2
-1
0
1
2
En
erg
y(e
V)
ReS2 monolayer       
EF
(a)
Γ      X Y Γ   
-2
-1
0
1
2
En
erg
y(e
V)
ReS2 bilayer
EF
(b)
Figure 6.14: Calculated band structure of ReS2 in a) monolayer form, b) bilayer form
the glimpse of two dimensionality of the system, where effective mass in the unit of ’electron mass’
along Γ - X and Γ - Z are 1.92 and 2.18 respectively at ambient and for strained state, it turns out to
be 2.49 and 38.3 reflecting the flat bands along the Γ - Z direction. At the metallized state, there are
two bands which cross the Fermi level, and that corresponds to two Fermi surfaces, among which,
one is a hole like FS and another is an electron like FS (see Figure 6.18(c)). These two surfaces are
very thin sheets with different shapes. It is quite evident that the bands along Γ - Y is found to
be very flat, and indicate the two dimensional nature of the system. The stability of this strained
state is further confirmed by phonon dispersion analysis, and the same is given in Figure 6.17(c).
For further strain around 17 %, we could observe more flat nature of bands and highly nested Fermi
surface. The hole like FS is represented as FS-1 and electron like FS is named as FS-2 (see the
Figure 6.18(c)). From the the Fermi surface plots, one can evidence the nesting of Fermi surface
happening in two directions, as represented with arrow marks. To elucidate more about nesting
of Fermi surface authentically, we have calculated the real and imaginary part of the generalised
susceptibility χ(q) , where q is the wave-vector of FS-1 along the high symmetric direction Γ - Y.
The singularity observed in the imaginary part of the susceptibility gave a clear evidence of Fermi
surface nesting (See Figure 6.18(d)) along that direction. More prominent flat Fermi surface is
observed in the second direction, and due to the lack of high symmetry points along that direction,
we did not calculate the χ(q), but one can always expect higher amount of nesting towards that
direction. In the previous study, the pressure induced structural transition (at around 90 GPa) and
superconductivity in the transformed structure (around 102 GPa) was reported. Here, the observed
peak in density of states (as shown in figure 6.18(b)) at Fermi level and highly nested Fermi surface
are throwing light on the possibility of superconducting state and need to be verified[335].In a similar
way, superconducting states are observed for both ReSe2 and ReTe2 at higher pressure states[336].
Moreover, the anisotropy in transport property like electrical conductivity gave further evidence for
this two dimensional nature in strained bulk ReS2. In addition, the response of uni-axial strain
is examined in monolayer also, and we could see a very similar kind of metallization happening
around 16 % strain (see Figure 6.17(b)), which again substantiate the dimension reduction. We
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Figure 6.15: (a,b) Thermopower as a function of hole and electron concentrations for monolayer,
(c,d) Electrical conductivity as a function of hole and electron concentrations for monolayer, (e,f)
Thermopower as a function of hole and electron concentrations for bilayer, (g,h) Electrical conduc-
tivity as a function of hole and electron concentrations for bilayer
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Figure 6.16: Band structure of bulk and monolayer ReS2 at different compressive strains, a) 5%
compressive strain, b) 10% compressive strain
have verified the stability of monolayer ReS2 at this strained state (16 % strain) by calculating the
phonon dispersion, an the same is given in Figure 6.17 (d).
Interesting thermoelectric coefficients are observed as a function of strain, and the anisotropic
nature is more pronounced. The anisotropy in the band dispersion as a function of strain is reflected
in the transport properties also. The power-factor at different strains are provided in Figure 6.19
(a,b). At 5 % strain, we could see a quasi two dimensional nature, where basal plane properties
are almost found to be same and enhanced compared to ’c’ axis. Subsequently for 10 % strain,
almost one order difference in power factor is observed within the basal plane and between ’a’
and ’c’ axis, the anisotropy has turned to almost two orders in magnitude. Concentrating on the
metallized state (17%), the magnitude of thermopower is found to be reduced as expected due to
metallization, and the vital point is, along ’a’ direction the value of thermopower is found to be
around 40 µV K−1 for hole doping and for the other two direction we could see the sign change
because of carrier flipping. A compensating incremental nature is observed in electrical conductivity
which again benefits the net thermoelectric performance. Higher value of electrical conductivity
and moderate value of thermopower, result in promising value of power-factor in the basal plane,
which is found to be higher than the ambient value at low carrier concentrations. The variation of
electrical conductivity and power factor as a function of carrier concentration at 17 % strained state
is represented in Figure 6.19 (c,d). The in-plane power factor values are found to be two orders higher
than the out of plane power factor, which again supports the two dimensional characteristics of the
strained state[337]. A similar in-plane electrical conductivity values are observed for monolayer also.
Moreover, the phonon dispersion at the strained state is found to be promising, where the interaction
between the acoustic and optical phonons are found to be in low frequency range around 60 cm−1,
which might result in low values for thermal conductivity in this state.
In general, the semiconducting states are considered to be more promising for thermoelectric
application, but here, we could find a higher value of power factor in the metallized state. At
metallization in this strained state, the band dispersions along Γ - X, Γ - Y and Γ - Z are anisotropic,
which lead to an asymmetry in density of states as seen in Figure 6.18(b), which further emphasises
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Figure 6.17: Band structure of bulk and monolayer ReS2 at different compressive strains, black
solid line represents the ambient state and red dashed line represents the strained state a) bulk , b)
monolayer, c) phonon dispersion for bulk ReS2 at 16 % strain d) phonon dispersion for monolayer
ReS2 at 16 % strain
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(a)
Figure 6.18: Properties at 17 % compressive strain. a) band structure b) density of states, c) Fermi
surface , d) imaginary part of susceptibility, e) electrical conductivity
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Figure 6.19: a) Power factor at 5% compressive strain, b) power factor at 10% compressive strain,
c) electrical conductivity at 17% compressive strain, c) power factor at 17% compressive strain
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(a)
Figure 6.20: Schematic of ReS2, and comparison with other established compounds. a:Ref[338],
b:Ref:[334]
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the fact that holes are more favourable carriers in ReS2.
While focusing on the power factor plot, one can clearly observe that there is a small in-plane
anisotropy in the strained state. For further strain around 20 % we could see more than one order
difference between the power factor along ’a’ and ’b’ axis, and two order difference between ’a’
and ’c’ axis (included in Figure 6.20). The developed enormous in-plane anisotropy indicates the
possibility of using ReS2 nanowires for TE applications, which has to be taken as future project.
Sequence of calculations have provided the clear picture of metallization, increasing anisotropy and
an enhancement in power-factor along ’a’ direction in the system as an effect of uni-axial strain, and
ReS2 has turned to be an excellent candidate for thermoelectric applications. In Table 6.7, we have
represented the effective mass, electrical conductivity and power factor for ambient and strained
state of bulk and monolayer, which clearly shows the enhanced anisotropy as a function of strain.
Moreover, Figure 6.20 represents the schematic of our overall study together with the comparison
of other TMD , and summarize the semi-conductor to metal transition in ReS2. As a function of
strain, the electrical conductivity is found to be enhanced, and the phonon dispersion analysis has
further provided the clue for reduction of thermal conductivity. This shows the possibility of better
thermoelectric performance in the strained state. In addition, a similar kind of metallization is
observed in the monolayer ReS2 which further shows promising dimension reduction with enhanced
electrical conductivity, which certainly projects ReS2 to be more versatile TMD compared to others.
If one can improve the thermopower value, without suppressing the conductivity value, ReS2 might
turn out to be a promising candidate for nanowire TE applications.
6.4 Conclusions
Electronic and thermoelectric properties of OsX2 are analysed. Huge value of thermopwer is observed
at low temperature around 100 K for hole doping for all the investigated compounds, which is found
be higher than well established TE materials. The mixture of heavy and light band mass in the
band structure is reflected from the band structure. Analysis of thermoelectric properties revealed
the potential TE application for a wide temperature range. All the investigated compounds are
favourable for electron doping at low concentrations, and for higher concentrations both carriers are
preferable, which shows possible device applications for all the compounds. Semiconductor-metal
transition together with enhanced 2D nature is predicted in ReS2 under the application of uni-axial
strain in bulk ReS2. In line with bulk, monolayer ReS2 also emerges to be a metal at strained
state (around 16 %), further emphasising the layer independent properties of ReS2. The anisotropic
property in the strained monolayer opens up the possibility of further dimension reduction in the
system which need to be inspected. In addition to that, the thermoelectric properties are also
analysed, and are found to be promising in ReS2 for both bulk and layered forms. Our results
indicate the possibility of using ReS2 as a TE material in different forms.
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Chapter 7
Conclusions
Thermoelectric properties of four series of compounds including Zn based pnctides, natural bulk
super lattice materials, zintl phase compounds and few transition metal di-chalcogenides were in-
vestigated within the frame work of density functional theory and are reported as promising TE
materials for a wide temperature range. Ground state properties, electronic structure, mechanical
properties were examined systematically. Electronic structure and hence thermoelectric properties
were tuned as a function of hydrostatic/uni-axial strain and the enhancement of TE properties are
reported. Among the studied compounds, ZnGeSb2 and Ca based zintl phase compounds were sys-
tematically examined for topological insulating nature, and our investigation on ZnGeSb2 proposed
the benefit of Dirac cone like band structure near the Fermi level for TE applications, and the study
on Ca based zintl phase compounds explored the coexistence of strong topological insulating nature
and potential TE properties. In the first study, we have chosen few Zn based pnictide compounds
in the form ZnXPn2 (X: Si, Ge, Sn; Pn: P, As, Sb), which possess high melting point, high earth
abundance, and systematically examined the electronic and thermoelectric properties. Most of the
investigated compounds were found to be promising TE material for a wide temperature range from
300K to 900K, and showed highly comparable TE performance with existing TE materials. Further
we have selected two narrow band gap semiconductors from the above series such as ZnGeSb2 and
ZnSnSb2 and examined the effect of hydrostatic strain on electronic and TE properties of the same.
Both the compounds were found to be highly sensitive towards the applied strain, and found the
gradual phase change from a normal semiconductor to topological semi-metal through Dirac states
together with band topology change. Among them ZnGeSb2 secured huge power factor value due
to higher electrical conductivity. In the next study, we have chosen few natural bulk super-lattice
materials, and these compounds in general possess low thermal conductivity, which is fruitful for TE
applications. The quasi two dimensional nature of band structure is identified from band dispersion
and effective mass calculations. The calculated thermopower values are found to be higher for all
the compounds. Huge anisotropy is observed for electrical conductivity for hole doping, which again
confirms the quasi two dimensional nature in these compounds. The transport properties of all the
investigated compounds are comparable with the prototype material SrAgSF, which is reported as
good TE material. The low value of Debye temperature and highly interacting acoustic and optical
phonon modes confirm the possibility of low thermal conductivity in these compounds. Further we
have extended our analysis of thermoelectric properties of these materials by calculating a parameter
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known as ‘A’ parameter, which helps to decouple the relaxation time from the calculations. The
calculated ‘A’ parameter have higher values than traditional TE materials, which further confirm
the potential thermoelectric properties in this series. In the third study, we have examined CaSrX
(X: Si, Ge, Sn, Pb), few zintl phase compounds. A systematic analysis of electronic, topological and
transport properties were presented, and identified the studied materials as topological insulators
at ambient conditions. The potential TE properties were also presented for the investigated com-
pounds. The application of strain in these system gave insight to several interesting phenomena,
which includes the formation of Dirac semi-metallic state with enhanced 2D nature, which opens
up wide applications for the investigated compounds. In the last chapter, we have examined the
thermoelectric properties of few transition metal dichalcogenides. Firstly, electronic and thermoelec-
tric properties of OsX2 were analysed. Huge value of thermopower is observed at low temperature
around 100 K for hole doping for all the investigated compounds, which is found to be higher than
well established TE materials. The mixture of heavy and light band mass in the band structure is
reflected from the band structure. Analysis of thermoelectric properties revealed the potential TE
application for a wide temperature range. All the investigated compounds are favourable for electron
doping at low concentrations, and for higher concentrations both the carriers are preferable, which
shows possible device applications for all the compounds. Further, we have examined th electronic
and TE properties of ReX2 (X: S, Se). Semiconductor-metal transition together with enhanced 2D
nature is predicted in ReS2 under the application of uni-axial strain in bulk ReS2. In line with bulk,
monolayer ReS2 also emerges to be a metal at strained state (around 16 %), further emphasizing the
layer independent properties of ReS2. The anisotropic property in the strained monolayer opens up
the possibility of further dimension reduction in the system which need to be inspected. In addition
to that, the thermoelectric properties are also analysed, and are found to be promising in ReS2 for
both bulk and layered forms. Our results indicate the possibility of using ReS2 as a TE material in
different forms. Overall, the present thesis explored potential materials for thermoelectric applica-
tions for a wide temperature range, and proposed feasible methods for improving the thermoelectric
properties of investigated compounds. Few of the investigated compounds such as OsS2 are shown
as promising TE properties for both ‘n’ and ‘p’ type doping, which might fetch device applications.
ZnGeSb2 secured high power factor value, which can be explored further experimentally, and ReS2
can be used for bulk/thinfilm TE applications.
While summarizing the present thesis work, it is evident that few of the investigated compounds
turned to be very promising TE material from electronic structure point of view. As we already know
that the real parameter is figure of merit, which decide the performance of a TE material, we need
to have an idea about thermal conductivity, and exact calculations of lattice thermal conductivity is
beyond the scope of present thesis, and can be taken up as main future scope of the present study.
Yet another interesting phenomena we have experienced in the present thesis is that few of the
materials have shown strong topological nature, and found to possess highly linearized Dirac cone
like band structure. To understand the influence of these peculiar electronic structure towards TE
properties, we have to calculate the surface transport coefficients also, and this is again beyond the
scope of present thesis. We strongly believe that the experimental realization of the above mentioned
quantities might help to explore promising TE materials from the present study, resulting in device
applications.
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